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1. Introduction
1.1 Historical background
Tonks and Langmuir (1929) were the first ones who used the term ’plasma’ to de-
scribe the inner region of a glowing ionized gas produced by means of an electric
discharge in a tube. The term plasma represents a gas containing many interacting
charged particles (electrons and ions) and neutrals. In outer space, a lot of matter
exists in the form of a plasma, e.g. stars and nebulas. In some cases the plasma
coexists with dust particles (nebulas). These particles can range from nanome-
ters up to microns in diameter. They are also seen as building blocks for planet
formation. These dust particles are in most cases not neutral, they obtain either
a positive or negative charge due to interaction with the surrounding plasma and
photon flux. In space the dust particles usually obtain a positive charge due to
photo-ionization. A dust particle embedded in a plasma becomes generally nega-
tively charged by the collection of electrons. A mixture of charged dust particles,
electrons, ions and neutrals is called a ’dusty’ or complex plasma. The histori-
cal background of dusty plasmas is quite old. In old manuscripts, bright comets
have been described, like the famous comet of Halley. These comets are excellent
examples for the study of dust-plasma interactions in space. A simple and nice
example of dust-plasma interaction on a laboratory scale is an ordinary flame.
The fact that a flame is considered as a plasma may seem as a surprise. How-
ever, strictly it is not. What makes it it close to being a plasma is the presence of
very small particles (∼ 100A˚) of unburnt carbon. The yellow light emitted by the
typical hydrocarbon flames is due to incandescence of these small dust particles
heated to well over 1000 degrees Celsius. The thermionic emission of electrons
from the dust particles elevates the degree of ionization within the flame to sev-
eral orders of magnitude above what is predicted by the Saha equation for air at
that temperature. There are more recent examples of dusty plasmas. These are
ion thrusters used for propagation of satellites, processing plasmas used in device
fabrication (e.g. amorphous silicon solar cells, microchips for computers), dusty
plasmas created in laboratories for studying collective processes, plasma crystals,
etc. In thermonuclear fusion plasmas dust formation takes place in the cool edge
layers in contact with material walls. The dust has become a safety issue for future
fusion reactors (ITER). The dust particles may retain a large fraction of hydrogen
which will lead to considerable tritium inventories [1]. Furthermore, these fine
dispersed dust particles may be chemically reactive and may spontaneously react
with oxygen or water vapor in the case of a vacuum or coolant leak. Another
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aspect is the migration of dust particles. Due to thermophoretic forces and due
to repetitive evaporation and condensation they may accumulate at cold areas of
the device and they may block spacings and fill gaps which were introduced for
engineering reasons.
1.2 Complex plasmas
In the previous paragraph some examples of dusty plasmas have been given. In
the case of a processing plasma, e.g. for the fabrication of amorphous silicon solar
cells, a mixture of silane and hydrogen gas is injected in a reactor. These gases
are decomposed by making a plasma. A plasma with a low degree of ionization
(typically 10−5) is usually made in a reactor containing two electrodes driven by
a radio-frequency (RF) power source in the megahertz regime. In that case a RF
plasma is made in which a lot of species (ions, radicals, neutrals and electrons)
are formed. Under the right circumstances the radicals, neutrals and ions can
react further to produce nanometer sized dust particles. These particles can stick
to the surface and thereby contribute to a higher deposition rate (increase with
100 %) which is often seen when the plasma enters the so-called γ′-regime. Still
no definitive explanation has been found for this large increase in deposition rate.
Another possibility is that these nanometer sized particles coagulate and form
larger micron sized particles. These particles obtain a high negative charge, due
to their large radius and are usually trapped in a radio-frequency plasma, because
of there interaction with the electric field present in the discharge sheaths which
is directed towards the electrodes (fig. 1.1)
When the interaction of the dust particles with the plasma changes consider-
ably the plasma quantities as e.g. electric potential, electron density and temper-
ature, ion densities and gas temperature, the plasma is called a dusty or complex
plasma. Others [2] have studied complex plasmas by injection of spherical mi-
cron sized particles in noble gas plasmas. On earth usually a two-dimensional
dust crystal is formed containing several lattices. In these crystals the dust parti-
cles hold each other at regular distances due to the Coulomb force. Electrons, ions
and neutrals can still move freely through the lattices. In some of these dust crys-
tals a dust free region (void) has been observed [3] which is usually surrounded by
a crystalline region. Similar experiments have been carried out on the MIR, Inter-
national Space Station (ISS) and TEXUS rocket experiments to observe dust crys-
tals under microgravity. These microgravity experiments show three-dimensional
crystals with a void in the middle. The appearance of this void was a mystery for
quite some time. Modelling efforts from our side have shed some light on this
issue.
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Figure 1.1: Schematic drawing of RF plasma with dust.
1.3 Previous work, Contribution of this thesis
Prior to the work in this thesis, modelling has already addressed the behavior of
dust in radio frequency plasmas [4, 5, 6] . However these models can not be used
to model discharges which contain a large amount of dust (million of dust par-
ticles) as in the experiments carried out under microgravity. Usually important
processes like, e.g. recombination on the surface of the dust, dust transport, ac-
counting for the dust charge in the Poisson equation and heating of a dust particle
are neglected. The main contribution of this thesis is the self-consistent modelling
of complex plasmas including the important processes mentioned above. For this
two previously developed fluid models (silane and argon) [7, 8] have been ex-
tended with a dust fluid to model a complex plasma. The one-dimensional silane
fluid model has been extended with dust as an additional species to find a possible
mechanism which could explain the large increase in deposition rate seen in the
experiments when the plasma enters the dusty regime. To model the experiments
performed at the ISS, a two dimensional argon fluid model has been extended
with dust. Both extended models are special in the sense, that these where the
first models which could deal with the transport of large quantities of dust. The
main problem behind modelling the transport of dust is the large difference in
time scales between the highly mobile electrons (10−9 s ) and the slow, heavy dust
particles (10−2 − 1 s)
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1.4 Outline thesis
This thesis deals with numerical fluid models which have been extended to model
complex radio-frequency discharges. In the models dust is also treated as a fluid.
The models are based on a combination of particle and energy balance equations
for the plasma and neutral species, the Boltzmann equation to solve the electron
energy distribution function and important processes which are triggered by the
dust species. In chapter 2, the relevant basic theory of complex plasmas is re-
viewed. In chapter 3, the one-dimensional silane model extended with a dust fluid
is described. Also results, e.g., for the electric potential, densities and deposition
rates obtained for silane plasmas containing different amounts of dust are dis-
cussed. In chapter 4, the two-dimensional argon-dust fluid model has been used
to give some insight in the formation of the void seen in the dust crystal experi-
ments carried under microgravity. In chapter 5, the two-dimensional argon model
extended with a dust fluid is described. Results obtained for situations where
the dust fluid has a significant influence on the plasma properties are shown. In
chapter 6, the two-dimensional argon-dust fluid model has been extended with a
particle tracking module to take the inertia of the dust particle into account. The
particle tracking module is described. Results obtained with this extended model
show vortices which usually appear in dusty plasma experiments carried out under
microgravity. In Chapter 7, the two-dimensional particle tracking model in which
the forces are taken from the argon-dust fluid model is compared with a three-
dimensional particle tracking model where the forces are modelled via a harmonic
potential. Chapter 8, deals with the extension of the model described in chapter
5 to a multi dust fluid model. In this model different sized dust species can be
followed. Results are shown for situations where the different sized species inter-
act with each other. In chapter 9, the argon-dust fluid model described in chapter
5 is extended to a model that can deal with discharges containing positive ions,
negative ions and dust. Comparisons are made for dusty electropositive and dusty
electronegative discharges. The chapters 3 through 9 are approximately one to
one copies of the papers listed below.
1.5 Publications related to this thesis
1.5.1 Publications related to chapters of this thesis
- M. R. Akdim and W. J. Goedheer, Modelling of dust in a silane/hydrogen plasma,
Journal of Applied Physics, Vol 94, 1 (2003) (Chapter 3).
- M. R. Akdim and W. J. Goedheer, Modelling of voids in a colloidal plasmas,
Physical Review E, Vol 65, 015401(R) (2002) (Chapter 4).
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2. Basic theory
2.1 Characteristics of complex plasmas
2.1.1 Charging of a dust particle: the floating potential
The charge and potential of a dust particle immersed in a plasma is determined
by the balance between the electron and ion current towards the dust particle’s
surface. Since electrons are more mobile than ions, a dust particle in a plasma
will acquire a negative charge and thus a negative potential with respect to the
surrounding plasma potential. The floating potential of the dust particle’s adjusts
itself in such a way that, by repelling the mobile electrons and attracting positive
ions, the dust particle on average collects no net charge at steady state. Dust
particles in a plasma behave as a microscopic probe. The general aspects of probe
theory are therefore important for dusty plasmas. To determine the charge and
floating potential of a dust particle in a plasma, descriptions of the electron and
ion transport towards the dust particle’s surface in the perturbed potential around
the particle are required. In most approximations it is assumed that the width of
the sheath region around a dust particle is smaller than electron-neutral or ion-
neutral collision mean free path. This means that the charged particle transport
is collisionless in the sheath. If the effect of individual Coulomb collisions is
neglected in comparison to collective phenomena, the problem reduces tot the
solutions of the charged particle Vlasov equations:
v ·∇rfe(r,v)− e
me
E ·∇v fe(r,v) = 0 (2.1)
and
v ·∇rfi(r,v) + e
mi
E ·∇v fi(r,v) = 0 (2.2)
where E = −∇V , V is the electric potential, me and mi are the electron and
ion masses and e the elementary charge. The solution of the Poisson equation is
given by:
−∇2V =∇ ·E = e
0
(n+ − ne) . (2.3)
For a plasma, the charged particle distributions fe(r,v) and f+(r,v) are related
to electron (ne) and (n+) ion densities by
ne,+(r) =
∫
fe,+(r,v)d
3v, (2.4)
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If the loss of electrons to the dust particle does not affect the electron density
and if the electron distribution function in the unperturbed plasma is a Maxwellian,
a good approximate solution to the Vlasov equation for electrons in a repulsive
potential (i.e. potential of a negatively charged dust particle), is a Boltzmann dis-
tribution,
ne(r) = n∞exp
(
e [V (r)− V∞]
kBTe
)
, (2.5)
where n∞ is the density and V∞ is the potential of the unperturbed plasma far
away from the dust particle, kB is the Boltzmann constant and Te is the electron
temperature. Usually in low-temperature plasmas the electron distribution func-
tion is non-Maxwellian and the above expression may be inaccurate.
Orbital motion limited theory for a spherical dust particle
We assume that the electron density around a spherical dust particle is given by a
Boltzmann distribution,
ne(r) = n∞exp
(
eV (r)
kBTe
)
. (2.6)
V∞ has been taken equal to 0 in equation 2.6. The problem to be solved is the
spatial distribution of ions around the dust particle and the collected ion current.
The first expressions of the ion current towards the dust particle’s surface in the
sheath regime were obtained by Mott-Smith and Langmuir (1926). This OML
(orbit motion limited) theory assumes that for every ion energy there exists an ion
impact parameter that makes the ion hit the dust particle with a grazing incidence.
The trajectory of an ion can be derived as in the classical collision theory except
that, due to the finite radius of the dust particle, the ion can be collected if its
radial position reaches the radius of the dust particle r=a. In case of an ion with an
energy E0 and angular momentum J0 at infinity, and a dust particle with radius a
is placed at r=0, the conservation of energy and angular momentum gives
E0 =
1
2
m+r˙
2 +
1
2
J20
m+r2
+ eV (r), (2.7)
the ion impact parameter b is related to J0 by J0 = m+v0b (v0 is the initial ion
velocity). Equation 2.7 can be transformed into
b = r
[
1− eV (r)
E0
− 1
2
m+r˙
2
E0
]1/2
. (2.8)
The ions whose impact parameter is bcoll with
bcoll = a
[
1− eV (a)
E0
]1/2
(2.9)
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will hit the dust particle with zero radial velocity. Therefore all ions of energy E0
whose impact parameter is less than bcoll will hit and be collected by the dust par-
ticle. The cross-section σcoll for ion collection by the dust particle can be defined
as:
σcoll = πb
2
coll = πa
2
[
1− eV (a)
E0
]1/2
(2.10)
For monoenergetic ions, the ion current to the dust particle is then
I+ = n∞ev0σcoll = πa2n∞e
(
2E0
m+
)1/2 [
1− eV (a)
E0
]
(2.11)
This expression gives the OML current, i.e. the maximum ion current that a
spherical dust particle can collect assuming collisionless and stationary plasma
conditions. In the derivation above the existence of ion trajectories reflected by an
’absorption barrier’ due to possible secondary maxima in the effective potential
energy curves are neglected.
In these conditions the positive ion density can be formulated as:
n+ =
1
2
n∞
([
1− eV (r)
E0
]1/2
+
[
1− eV (r)
E0
− I+
Ir
]1/2)
(2.12)
where Ir is given by
Ir = πr
2n∞e
(
2E0
m+
)
. (2.13)
Equation 2.12 shows that positive ion density increases from the plasma to-
ward the dust particle, assuming that the potential becomes more negative when
the particle is approached.
Substituting equation 2.12 and equation 2.6 in the Poisson equation gives
∆V = − e
0
n∞
{
1
2
([
1− eV (r)
E0
]1/2
+
[
1− eV (r)
E0
− I+
Ir
]1/2)
−exp
[
eV (r)
kBTe
]}
. (2.14)
Equation 2.14 can be linearized for large values of r/a. This results in(
∆− λ−2L
)
V = 0, (2.15)
where λL is the linearized Debye length given by
λL =
[
en∞
0
(
1
kBTe
+
1
2E0
)]−1/2
. (2.16)
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Solving equation 2.15 gives the Debye-Hu¨ckel potential or so-called screened
Coulomb potential
V (r) = V (a)
a
r
exp
(
−r− a
λL
)
. (2.17)
Daugherty et al. [1] have shown that for small values of a/λL the exact solution of
the Poisson equation is very close to the Debye-Hu¨ckel solution for eV/kTe,+ 
1, which is not true near the dust particle. Several radii from the dust particle the
real solution is given by the Coulomb potential. This is predicted by the screened
Coulomb expression.
In the discussion above we assumed that the ions are monoenergetic. For a
Maxwellian ion distribution, the ion current to the dust particle has a similar form
as the one derived for the monoenergetic ions:
I+ =
πa2n∞e
4
(
8kT+
πm+
)1/2 [
1− eV (a)
kBT+
]
. (2.18)
For the electrons we take the Boltzmann distribution for the electron density,
this gives an electron current
Ie = −πa
2n∞e
4
(
8kTe
πme
)1/2
exp
[
eV (a)
kBTe
]
. (2.19)
At steady state the total current towards the dust particle becomes equal to
zero. The charge Qd for a total current of zero can be obtained from
Qd = 4πa
2σ (2.20)
where σ is the surface charge density of the dust particle related to the electric
field normal to the dust particle surface by
σ = 0Er(a) = −0(∇V )|r=a. (2.21)
Using the expression for the Debye-Hu¨ckel potential, the charge of a dust particle
becomes
Qd = 4π0a
(
1 +
a
λL
)
V (a) (2.22)
As mentioned previously, the OML theory assumes that all the ions with an im-
pact parameter less than bcoll are collected by the dust particle. This may be not
true because of the specific potential distributions around the dust particle which
can reflect ions that would not be reflected in a simpler Coulomb-like potential.
The OML theory therefore gives an upper limit to the ion current collected by
the dust particle. It is important to know when the OML theory is valid or is
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a good approximation since the calculation of the collected ion current is much
more complicated in the general case. Usually the OML theory can be used if
the Debye-Hu¨ckel potential is a good approximation to the potential distribution
around the dust particle. This is the case when a/λL  1. Daugherty et al. [1]
found that the OML theory for dust particles is a good approximation even when
the particle radius is comparable to the electron Debye length.
Non-Maxwellian distribution function
In the OML theory the electron velocity distribution function is assumed to be
Maxwellian. This assumption is usually made to obtain simple analytical ex-
pressions for the electron current to the dust particle. In a non-equilibrium, low
temperature plasma the electron distribution function is often non-Maxwellian.
Therefore it is good to estimate the errors made on the charge of a dust particle in
these conditions. For a given electron energy distribution function f() (EEDF)
the electron current can be obtained from the integral:
Ie = −ene
∫ ∞
0
πb2e
√

2me
fed (2.23)
where the cross-section πb2e is calculated from
πb2e =
{
πa2
(
1− 2eV (a)
mev2e
)
, if 1
2
mev
2
e > −eV (a);
0, if 1
2
mev
2
e ≤ −eV (a).
(2.24)
For Maxwellian electrons, this gives the electron current of equation 2.19.
Matsoukas and Russell [2] have derived an analytical expression for the electron
current for a Druyvesteyn electron distribution. As expected, the number of neg-
atives charges is smaller for a Druyvesteyn distribution than for a Maxwellian,
the difference is in the order of 20 %. The explanation lies in the fact that for
the same mean energy, the tail of the Druyvesteyn distribution is less populated,
the balance of electron and ion current to the particle is achieved with a lower
repulsive potential V (a), and the number of charges carried by the dust particle
decreases.
Charging time
A dust particle injected or formed in a plasma will charge up, if stochastic effects
are neglected, according to the law:
dQd
dt
= I+ − Ie (2.25)
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Equation 2.25 gives the time evolution of the number of charges carried by a dust
particle. The evolution of the charging time of a dust particle does not have an
exponential behavior, this is due to the non-linear dependence of the currents Ie
and I+ on the dust particle potential and charge. Bouchoule [3] has derived a
characteristic charging time τ for a dust particle. Using a reduced potential y
defined by
y =
eV (a)
kTe
(2.26)
as a new variable, the relation between charge and floating potential Qd = 4π0a
V (a), and the expression for Ie and I+ of the OML theory results in the following
differential equation
dy
dt
= −A
[
1 + y
Te
T+
− vth,e
vth,+
exp(−y)
]
with A = e
40
an∞
e
kTe
vth,+
(2.27)
At equilibrium (t→∞), dy
dt
→ 0. y is the solution of
1 + y
Te
T+
− vth,e
vth,+
exp(−y) = 0 (2.28)
We take y∗ as the equilibrium of y. y∗ usually has a value between 1 and 4.
Bouchoule [3] has defined the time τ characterizing the evolution of y to its equi-
librium values after a perturbation (y∗ + ) around the equilibrium value y∗:
τ =

d/dt
(2.29)
This gives
τ =
1
A [1 + (Te/T+)(1 + y∗)]
(2.30)
Usually Te 	 T+, and the charging time simplifies to
τ = 4
0
e
(πm+
8e
)1/2 (kT+/e)1/2
an∞(1 + y∗)
(2.31)
From equation 2.31 it can be seen that the charging time is inversely proportional
to the plasma density and dust particle radius and proportional to the square root
of the ion temperature. Punset and Boeuf [3] have shown with their Monte Carlo
simulation that the charging time is in the order of 20 µs for a 100 nm radius dust
particle in a 5x1015 m−3 argon plasma, and for T+/Te=0.1 and Te= 3 eV. These
times are considerably longer than the RF cycle time but considerably shorter than
the time needed for a dust particle to find its equilibrium position.
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2.1.2 Coulomb coupling parameter
One other important characteristic of a dusty plasma is its Coulomb coupling pa-
rameter which determines the possibility of the formation of dusty plasma crys-
tals. If two dust grains with the same charge are separated form each other by a
distance a, the screened Coulomb potential energy is given by
Ec =
q2d
a
exp
(
− a
λD
)
(2.32)
and the dust thermal energy is kBTd. The Coulomb coupling parameter is de-
fined as the ratio of the dust potential energy to the dust thermal energy and is
represented by
Γc =
q2d
akBTd
exp
(
− a
λD
)
. (2.33)
A dusty plasma is a weakly coupled system when Γc  1, while it is strongly
coupled when Γc 	 1. The number of charges residing on the grain, the ratio of
the inter-grain distance to the Debye screening length and the dust thermal energy
play decisive roles in deciding whether a dusty plasma will be strongly coupled or
weakly coupled.
2.2 Forces acting on spherical dust particles
In capacitively coupled radio frequency plasmas dust particles which have ob-
tained charge are usually trapped by an electrostatic force present in the discharge.
Usually the potential in these plasmas is higher than the surrounding walls. This
results in an electric field pointing towards the reactor walls and acting as an effec-
tive trap for the negatively charged dust particles. This section will give a review
of the various forces acting on dust particles in radio frequency plasmas.
2.2.1 Electric force
In this paragraph important results form Daugherty, Porteous and Graves (1993)
[4] and Hamaguchi and Farouki (1994) [5] will be summarized. Daugherty et al.
have shown that the electric force acting on the dust particle in the presence of an
external electric field is very well approximated by the vacuum force QdE0 when
the dust particle radius is small with respect to the linearized Debye length. The
most important result is that although the sheath around a dust particle shields it
from the surrounding plasma, it does not screen the particle from an externally
applied electric field. Hamaguchi and Farouki (1994) have pointed out that the
Debye sheath is not ’attached’ to the dust particle and represents only a local
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perturbation of the background plasma. This means that the ions and electrons
composing the sheath do not travel with the dust particle. The resulting force
found by Daugherty et al is in the direction of the applied electric field E0 and is
given by
F e = QdE0
[
1 +
(a/λL)
2
3(1 + a/λL)
]
(2.34)
The first term of equation 2.34 is the force that would be experienced by the dust
particle under the electric field E0 in vacuum. The second term corresponds to
the dipolar force due to polarization of the surface charge. This means that the
polarized surface charge creates an electric field which in turn exerts an electric
force. Since in general a λL, the electric force can be approximated by QdE0.
Hamaguchi et al. have shown that for a uniform plasma the electric field resulting
from the polarization of the dust particle also exerts a force on the plasma, increas-
ing the ion pressure on the dust particle. They have shown, assuming a Boltzmann
ion density in the sheath, that the ion pressure force exactly cancels the force due
to surface charge polarization resulting in the vacuum electrostatic force
F e = QdE0 (2.35)
Hamaguchi et al. also found another force due to the deformation of the Debye
sheath induced by a spatially dependent Debye length like in the pre-sheath. Bou-
choule [3] has shown that this so-called ’polarization’ field is negligible under
usual conditions, (a λL).
2.2.2 Ion drag force
The ion drag force is due to the momentum transfer between the positive ions and
the dust particle. This force becomes important in regions where the ion flux is
large. It has two components one due to the momentum transfer if the positive
ion is collected (collection force) and the other due to the electrostatic Coulomb
interaction between a dust particle and a positive ion deflected by the potential
around it (orbit force). For monoenergetic ions the collection cross-section is
given by
σcoll = πb
2
coll = πa
2
[
1− 2eV (a)
m+u2+
]
(2.36)
where u+ is the ion drift velocity. This results in a collection force
F colion = πa
2n+m+u+u+
[
1− 2eV (a)
m+u2+
]
(2.37)
Barnes et al. [6] (1992) have given an approximate collection force for a more
general ion velocity distribution function by replacing directed velocity u+ by the
2.2. Forces acting on spherical dust particles 25
total velocity, i.e. the velocity v+,tot related to the ion total mean energy:
u+ → v+,tot = (u2+ + v2+,th)1/2 =
(
u2+ +
8kBT+
πm+
)1/2
(2.38)
To estimate the orbit force for a monoenergetic ion beam, the potential distri-
bution around a dust particle has to be known. To obtain analytical expressions
the potential around the dust particle is approximated by a classical Coulomb dis-
tribution (reasonable approximation for a  λL). The momentum cross-section
for the orbit force can derived by solving the following integral
σorb = 4π
∫ λL
bcoll
pdp
1 + (p/bπ/2)2
(2.39)
where p is the impact parameter and bπ/2 is the parameter whose angle is π/2:
bπ/2 = a
−eV (a)
2E+
(2.40)
E+ is the ion energy given by 12m+u
2
+. The integration is performed between
the collection impact parameter bcoll and the Debye length λL. The parameter bcoll
is given by
bcoll = a
[
1− eV (a)
E+
]
(2.41)
The cut-off for the upper integration limit is introduced because of the divergence
of the integral for an infinite upper limit. Shielding is assumed to suppress the
potential for larger impact parameters. The corresponding Coulomb potential is
therefore called the cut-off Coulomb potential. Solving the integral Eq. 2.39
above gives the following expression for the orbit cross-section
σorb = 2πb2π/2ln
(
λ2L + b
2
π/2
b2coll + b
2
π/2
)
(2.42)
For non-monoenergetic ions, Barnes et al. used the following expression for the
orbit force
F orbion = n+m+σ
orbv+,totu+ (2.43)
the directed velocity has been replaced by the total velocity and E+ replaced by
the total mean energy.
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2.2.3 Neutral drag force
A dust particle moving in a neutral gas experiences a drag due to momentum
transfer during collisions with atoms or molecules. For laboratory plasmas, the
relative velocity between the dust particles and molecules is smaller than the ther-
mal velocity of the gas. The neutral drag force can then be approximated by the
Epstein relations for the neutral drag force
F n = −4
3
πa2mnnnvth,n(ud − un) (2.44)
where mn is the mass of the atom or molecule, nn is the gas density, vth,n =
(8kTgas/πmn)
1/2 is the thermal velocity of the gas, ud is the dust particle velocity
and un is the velocity of the neutral atom or molecule.
2.2.4 Thermophoretic force
When the neutral gas temperature is not uniform, a dust particle will experience
a net resulting force due to collisions with the surrounding gas molecules. Gas
molecules or atoms impinging on the hot side of the dust particles will transfer
more momentum to the dust particle than gas molecules or atoms impinging for
the cooler side. This gives a net resulting force which is called the thermophoretic
force in the direction of the heat flux. Talbot et al. [7] have derived an analytical
expression for the thermophoretic force
F th = −32
15
a2
vth,n
[
1 +
5π
32
(1− α)
]
κT∇Tn (2.45)
where κT is the translational thermal conductivity of the gas and Tn is the gas tem-
perature. Talbot et al. [7] have shown that for gas and dust particle temperatures
less then 500 K the accommodation coefficient α is approximately 1.
2.2.5 Gravity
If a dusty plasma is considered on earth the gravitational force has to be taken
into account. For micron sized dust particles the gravitational force is usually a
dominant force. In experimental cases where the gravitational force is dominant
the balance of forces acting on a dust particle is mainly made by the electric and
gravitational force. The gravitational force is proportional to the particle mass, i.e.
to the mass density ρ and to the dust particle volume:
F g = mdg =
4
3
πr3dρg (2.46)
where g is the gravitational acceleration.
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3. Modelling of Dust in a Silane/Hydrogen
Plasma
Abstract. A dusty radio-frequency silane/hydrogen dis-
charge is simulated, with the use of a one-dimensional fluid
model. In the model, discharge quantities like the fluxes,
densities and electric field are calculated self-consistently.
A radius and an initial density profile for the spherical dust-
particles are given and the charge and the density of the
dust are calculated with an iterative method. During the
transport of the dust, its charge is kept constant in time.
The dust influences the electric field distribution through
its charge and the density of the plasma through recom-
bination of positive ions and electrons at its surface. In
the model this process gives an extra production of silane
radicals, since the growth of dust is not included. Results
are presented for situations in which the dust significantly
changes the discharge characteristics, both by a strong re-
duction of the electron density and by altering the electric
field by its charge. Simulations for dust with a radius of 2
µm show that the stationary solution of the dust density and
the average electric field depend on the total amount of the
dust. The presence of dust enhances the deposition rate of
amorphous silicon at the electrodes because of the rise in
the average electron energy associated with the decrease of
the electron density and the constraint of a constant power
input.
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3.1 Introduction
A radio-frequency discharge in a mixture of SiH4 and H2 is often used to deposit
thin films of amorphous hydrogenated silicon (a-Si:H), which is used for instance
in solar cells and in thin film transistors. The properties of these films can be in-
fluenced by changing the plasma process parameters such as RF power, pressure,
RF frequency and gas mixture. Study of the complicated chemistry in a SiH4/H2
discharge is of importance to optimize the material properties. For economical
reasons a high deposition rate and efficient gas usage is desired.
A higher deposition rate can be achieved by increasing the pressure, RF power
or frequency. By increasing these parameters complicated chemical reactions in-
volving different ionic and neutral species can be ignited. An important process
is the formation of big (molecular) clusters (dust). These clusters, ranging from a
few nm to a few µm in radius, can significantly alter the discharge characteristics,
and thus the formation of the deposited material. A discharge enters the so-called
γ’-regime when the formation of dust becomes significant. With increasing ra-
dius the dust particle becomes more and more negatively charged. When the total
charge on the dust is large enough, it alters the electric field locally. Here, we
report on an investigation of situations in which the dust influences the discharge,
by means of numerical simulations with a one-dimensional (1D) fluid model. An
important extension compared to existing models [1, 2, 3] is that the behavior of
the dust fluid is modelled self-consistently.
The structure of this paper is as follows. The description of the model is given
in section 3.2. In section 3.3 simulation results for the γ’-regime are presented and
the dependence of the discharge characteristics on the plasma process parameters
(e.g. dust density, frequency) are studied. Conclusions are presented in section
3.4.
3.2 Description of the model
3.2.1 SiH4/H2 fluid model
To model the dynamics of a dusty plasma, we have used a self-consistent fluid
model. This model is an extension of a previously described one-dimensional
model [4]. Only the most important aspects of the model will be summarized
here. It consists of particle balance equations for the different species (electrons,
different ions and different neutrals) and an energy balance equation for the elec-
trons. Ion-neutral collisions have been included to simulate a possible gas heating
mechanism. For this we have used a simple approximation by assuming that the
energy taken up from the electric field by the ions is dissipated locally in colli-
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sions with the background gas [5]. The electric field is calculated by solving the
Poisson equation.
In the model the density balance for each species is replaced by the drift-
diffusion approximation. The source terms of the electron impact collisions (e.g.
dissociation, ionisation) are derived from the electron energy distribution function
(EEDF) and expressed as a function of the average electron energy. The EEDF is
calculated by solving the Boltzmann equation in the two-term approximation.
In the model the density balance for each species j is:
dnj
dt
+
dΓj
dx
= Sj, (3.1)
where nj is the particle’s density, Γj the flux of the species and Sj , the sink or
source terms.
The momentum balance is replaced by the drift-diffusion approximation, where
the particle flux consist of a diffusive term and a drift term,
Γj = µjnjE −Dj dnj
dx
, (3.2)
where µj and Dj are the mobility and diffusion coefficient of species j. E is the
electric field.
The drift-diffusion approximation assumes that the charged particles will re-
act instantaneously to a change in the electric field. For the ions this is not a
valid assumption, because of the low momentum transfer frequency. Therefore
an effective electric field is calculated for the ions, to compensate for inertia ef-
fects due to the non-instantaneous reaction to a change in the electric field. An
expression for the effective electric field, replacing the instantaneous field in Eq.
3.2 is obtained by neglecting the diffusive transport and inserting the expression
Γi = µiniEeff in the simplified momentum balance
dΓi
dt
=
eni
mi
E − νm,iΓi, (3.3)
where νm,i is the momentum transfer frequency of ions given by:
νm,i =
e
µimi
. (3.4)
Here e is the elementary charge and mi the mass of the ion. The effective electric
field is then given by:
dEeff,i
dt
= νm,i (E − Eeff,i) (3.5)
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The electric field E and potential V are calculated using the Poisson equation:
d2V
dx2
= − e
0
(∑
ni − ne −Qdnd
)
, (3.6)
E = −dV
dx
, (3.7)
where 0 is the permittivity of vacuum space, ne the electron density, ni the ion
density, Qd the charge on a dust particle and nd the dust density.
The electron energy density we = ne (i.e. the product of the electron den-
sity and average electron energy ) is calculated self-consistently from the second
moment of the Boltzmann equation:
dwe
dt
+
dΓw
dx
= −eΓe · E + Sw, (3.8)
where Γw is the electron energy density flux:
Γw =
5
3
µeweE − 5
3
De
dwe
dx
, (3.9)
and µe and De are the electron mobility and electron diffusion coefficients. The
term Sw in the electron energy balance equation is the loss of electron energy due
to electron impact collisions, including recombination of electrons on the dust
particle’s surface.
The plasma-wall interaction is taken into account by introducing a sticking
model, each neutral particle has a certain surface reaction probability when it hits
the wall. For the chemistry neutral-neutral, electron-neutral, electron-ion, and
ion-ion reactions are taken into account; the chemistry is described in detail in a
previous article [4]. The plasma is connected in series to an RLC circuit via the
surface charge on the electrodes.
3.2.2 Dust in the fluid model
Charging of dust
When a dust particle exceeds a certain size it can collect more than one electron
and be charged up to the floating potential relative to the surrounding plasma. This
potential depends on the local ion and electron density and energy distribution.
For a spherical dust particle with a radius rd, the Orbital-Motion-Limited theory
(OML) [6] predicts a positive ion and electron current:
Ii = 4πr
2
deni
√
kBTi
2πmi
(
1− eVfl
kBTi
)
, (3.10)
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Ie = 4πr
2
dene
√
kBTe
2πme
exp
(
eVfl
kBTe
)
. (3.11)
Here, ni the positive ion density, kB Boltzmann’s constant, Ti the positive ion tem-
perature , Te the electron temperature, me the electron mass and Vfl the floating
potential. All species are assumed to have a Maxwellian energy distribution.
When the ions enter the plasma sheaths, they get a drift velocity vi due to
the electric field. Therefore, we have replaced kBTi in the expression for the ion
current by the mean energy Ei, which is:
Ei =
4kBTgas
π
+
1
2
miv
2
i . (3.12)
In the model the charge Qd = 4π0rdVfl on the dust is calculated by equating
these currents, where of course the ion current has been summed over all positive
ionic species. The current of negative ions towards the dust particle’s surface is
neglected, the negative ions do not have enough kinetic energy to overcome the
negative floating potential of the dust particle.
The floating potential of the dust is assumed to be constant during an RF cycle.
This assumption is justified by the fact that the currents towards the dust particle
surface are too small to change the charge significantly during an rf cycle.
Recombination on dust particles
When a dust particle becomes negatively charged, it will attract positive ions,
these will recombine with an electron that has to be replaced again by an electron
from the discharge to maintain the floating potential. As a result the equilibrium
fluxes of positive ions and electrons arriving at the dust surface will recombine.
The electron flux (Eq. 3.11) results in a recombination rate:
R = 4πr2dndne
√
kBTe
2πme
exp
(
eVfl
kBTe
)
. (3.13)
Forces acting on a dust particle
In a plasma dust particles undergo a wide variety of forces. Assuming that a dust
particle is a perfect sphere the gravitational force can be written as:
Fg =
4
3
πr3dρdg, (3.14)
where ρd is the mass density and g is the gravitational acceleration. For amorphous
silicon ρd is approximately 2.1 · 103 kg/m3.
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When a dust particle has a velocity relative to the neutral gas, it will experience
a drag force due to momentum transfer from/to the gas. This neutral drag force
has been discussed in detail by Graves et al [7]. It can be approximated by,
Fn = −4
3
πr2dnn (vd − vn) vthmn, (3.15)
where nn is the density of the neutral with mass mn, vd the drift velocity of the
dust particle, vn the velocity of the gas and vth the average thermal velocity of the
gas. Because advection of the neutral gas is not included in the model, vn=0, this
force will only be present as a damping force on the velocity of the dust particles.
Another force caused by momentum transfer is the ion drag. This force results
from the positive ion current that is driven by the electric field. It consists of two
components. The collection force represents the momentum transfer of all the
ions that are collected by the dust particle and is given by:
F ci = πb
2
cnivsmivi, (3.16)
where vs the mean speed of the ions and bc the collection impact parameter.
The second component is the orbit force given by:
F oi = 4πb
2
π/2Γnivsmivi, (3.17)
with bπ/2 the impact parameter that corresponds to a deflection angle π/2 and Γ
the Coulomb logarithm.
Γ =
1
2
ln
(
λ2L + b
2
π/2
b2c + b
2
π/2
)
, (3.18)
λL = ((1/λe)
2+(1/λi)
2)−1/2 is the linearized Debye length, which is a combina-
tion of the electron Debye length, λe, and the ion Debye length, λi. The ion drag
is discussed in more detail by Barnes et al [8].
Due to their charge, dust particles will experience an electric force. Daugherty
et al [9] derived the following expression:
Fe = QdE
(
1 +
κrd
3(1 + κrd)
)
︸ ︷︷ ︸
≈1
, (3.19)
where Qd is the charge on the dust particle, E is the electric field and κ = 1/λL.
In a discharge the dust particle radius is much smaller than the linearized Debye
length, therefore the term between the bracket is approximately 1 and the electric
force is given by:
Fe = QdE. (3.20)
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This expression holds for situations where the dust particles are not shielded from
the plasma by positive ions trapped in orbitals around the dust particle [10]. In
that case the particle plus ion cloud will behave as some kind of dipole.
When a temperature gradient is present in a discharge, for instance due to
cooling or heating of the electrodes a third force driven by momentum transfer
will occur. This force is called the thermophoretic force. Atoms impinging from
the hot side have more momentum than their companions of the cold side, this can
result in a force pointing in the direction −dTgas
dx
.
For large Knudsen numbers Talbot et al [11] derived the following expression:
Fth = −32
15
r2d
vth
(
1 +
5π
32
(1− α)
)
κT
dTgas
dx
, (3.21)
κT is the translation part of the thermal conductivity. α, the thermal accommoda-
tion coefficient of the gas is taken equal to 1. In our case, the total thermophoretic
force has been calculated as the summation over the two inlet gasses.
Implementing dust in SiH4/H2 fluid model
To obtain a suitable expression for the flux of dust particles, we assume that the
neutral drag force is in equilibrium with the sum of the other forces. This as-
sumption is valid when the final steady state is approached, but should be relaxed,
for instance, when the dust is injected at a high velocity. In that case the inertia
of the dust should not be neglected. With the introduction of a momentum loss
frequency and a mobility and diffusion coefficient for the dust particles given by:
νmd =
√
2
ptot
kBTgas
πr2d
√
8kBTgas
πmd
, (3.22)
µd =
Qd
mdνmd
, (3.23)
Dd = µd
kBTgas
Qd
, (3.24)
it is possible to define a ”drift-diffusion” expression for the flux of the dust parti-
cles,
Γd = −µdndEeff −Dddnd
dx
− nd
νmd
g
+
∑
ions
ndmivs
mdνmd
(
4πb2π/2Γ + πb
2
c
)
Γi (3.25)
− 32
15
ndr
2
d
mdνmdvth
κT
dTgas
dx
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and treat them with the same numerical procedures as the other charged particles
in the fluid model. Note that the ion drag force is summed over all the positive
ionic species. Because of the low mobility of the dust particles the effective field
Eeff is approximated by the time averaged RF field. The diffusion originates
from the pressure gradient, kBTd dnddx . The Einstein relation couples the diffusion
and the mobility coefficients, see equation 3.24.
The internal pressure of the crystal due to the inter-particle interaction has
been included by means of a density dependence of the diffusion coefficient for
the dust. The diffusion coefficient of the dust is increased by a factor exp(Nd/Nc)
where the reference density Nc is chosen such that the dust density saturates at a
value Ncrys. This models the incompressibility of the crystal. Actually, the (yet
unknown) equation of state of the dust crystal should be used to account for the
internal pressure. Since we were not primarily interested in the precise structure
of the crystallized regions, we have chosen for the simple and computationally
robust exponential increase of Dd.
The drift velocity and the diffusion coefficient of the dust fluids are much
smaller than those of the ions and electrons. Therefore it would require a large
computational effort to achieve a steady state solution for the dust when it is fol-
lowed during an RF cycle. We therefore have developed a method to speed up the
convergence toward the steady state solution by introducing a different calculation
cycle with a different time step for the dust. Our model thus consists of two calcu-
lation cycles. In the first one, the transport equations of the ions, electrons and the
Poisson equation are solved during a number of rf cycles, during the RF cycles the
dust does not move. After that, the transport equation of the dust is solved with
a greater time step, using the time averaged electric field, and electron and posi-
tive ion fluxes. During the second calculation, space charge regions are created,
because the electron and positive ion densities do not change. These space charge
regions will lead to instabilities in the solution of Poisson equation and the elec-
tron transport. To solve this problem, we correct the artificially generated space
charge by adapting the positive ion density distributions prior to the next series of
RF cycles, in which the ion and electron density profiles adapt themselves to the
new dust density profile. With this method the required speed-up is established.
3.3 Results and discussion
In this section the results, obtained with the 1D numerical code are presented.
A comparison is made between two almost identical initial situations. The only
parameter that varies is the total amount of dust.
Other plasma process parameters, i.e., the gas temperature (400 K), gas flows
(30 sccm SiH4 and 30 sccm H2), RF frequency (50 MHz), RF power (5 W), pres-
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sure (40 Pa), electrode spacing (2.7 cm) and the dust particle radius (2 µm) are
kept constant. Gravity is neglected. The simulation starts with a fourth order
polynomial for the initial dust density profile. Figure 3.1 shows the dust density
Figure 3.1: Dust density m−3 as function of the position. The line integrated amount of dust is
2.15 · 108 m−2. Dotted curve is the initial dust density profile.
profile for a line integrated amount of 2.15x108 m−2. It shows that the steady state
profile differs significantly from the initial profile. The high peaks formed in the
dust density profile are result of the balance between the electric force, ion drag
and thermophoretic force at these positions [12, 13].
Figure 3.2 shows the density profile of the dust in case of a low (7.2 ·104 m−2)
and high (8.47 ·108 m−2) line integrated amount of dust. This figure shows clearly
that the position where the resulting force acting on the dust particles vanishes,
depending on the line integrated amount of dust in the reactor. This shows that
the dust considerably influences the discharge. Figure 3.3 shows the charge on
a dust particle. It varies through the discharge according to the local ion and
electron densities and the electron temperature. In the sheaths there are almost
no electrons (Fig. 3.4), this results in a strong decrease of the dust particle’s
charge. In the pre-sheaths a reasonable number of electrons is available with a
high energy. This results in maxima of the grain charge at the pre-sheaths. In
the center of the discharge the electron energy is very low, this makes it for the
electrons difficult to overcome the repulsive Coulomb force caused by the charge
on the dust particle’s surface. This effect represents itself in a minimum of the
grain charge at the center. For the case of a high amount of dust (see the dashed
line), the dust is also influencing its own charge by enhancing the positive ion
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density and thus increasing the ion flux towards its surface at the positions where
the dust density peaks appear, this results in local minima in the charge profile.
Figure 3.2: Dust density in m−3 as function of the position. The solid curve represents a dust
density profile with an integrated amount of dust of 7.2 · 104 m−2, the dust density
is normalized with a of factor 1.27 · 108. The dashed curve represents a dust den-
sity profile with an integrated amount of dust of 8.47 · 108 m−2, the dust density is
normalized with a factor of 1.66 · 1011.
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Figure 3.3: Charge on a dust particle in number of electrons as function of the position. The line
integrated amount of dust differs between the two curves. The solid curve: 7.2 · 104
m−2, dashed curve: 8.47 · 108 m−2.
Figure 3.4: The time-averaged electron density in m−3 as function of the position. The line
integrated amount of dust differs between the three curves. The solid curve: No dust.
Dotted curve: 2.15 · 108 m−2. Dashed curve: 8.47 · 108 m−2.
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Figure 3.5: The time-averaged electron energy in eV as function of the position. The line inte-
grated amount of dust differs between the three curves. The solid curve: No dust.
Dotted curve: 2.15 · 108 m−2. Dashed curve: 8.47 · 108 m−2.
According to equation 3.13, the large surface area of the dust particles leads
to a significant recombination rate. As result the electron density will drop (Fig.
3.4) and the average electron temperature will increase because the applied power
is constant. This is shown in figure 3.5.
When the line integrated amount of dust is low its influence can be neglected,
and the electron temperature is low in the quasi-neutral bulk, this is due to the
lack of electric field. Only in the plasma-sheath transition zone the electrons can
gain energy, as shown by the two peaks in figure 3.5. When the line integrated
amount of dust particles is large (dashed curve in fig. 3.5), the heating is more uni-
form, this is due to the electron density drop which enhances the Debye length and
therefore the electric field can penetrate much further into the discharge. Also the
oscillating field in the center increases. Figure 3.6 shows the electric potential for
different integrated amounts of dust. For a large amount the potential increases.
This is a result of the constraint of a constant power, because the electron den-
sity decreases (Fig. 3.4) the displacement current also decreases. To compensate
for this effect, the RF voltage has to increase, which results in a higher plasma
potential.
The higher electron temperature in this case will lead to an increase in the ion-
ization rate (needed to compensate for the recombination on the dust) and disso-
ciation rate. The dissociation rate increases even if the electron density decreases
because the rate coefficient almost exponentially increases with the electron en-
ergy. Therefore the deposition rate also increases with the dust density. This is
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Figure 3.6: The time-averaged electric potential in V as function of the position. The line inte-
grated amount of dust differs between the three curves. The solid curve: No dust.
Dotted curve: 2.15 · 108 m−2. Dashed curve: 8.47 · 108 m−2.
Figure 3.7: The deposition rate in nm/s as function of the line integrated dust density.
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shown in figure 3.7. This increase in the deposition rate can not explain the sig-
nificant increase which occurs in the experiments [4]. This may be caused by
neglecting the contribution of dust in the sticking model. For large amounts of
dust, the deposition rate again decreases because the gain in electron tempera-
ture can no longer compensate for the loss of electrons, therefore the dissociation
of SiH4 and ionization will drop. At still higher amounts of dust, the discharge
cannot be maintained any longer and the simulation crashes.
Figure 3.8: The net space charge in elementary charges as function of the position for a line
integrated amount of dust of 2.15 · 108 m−2, represented by the solid curve and
normalized with a factor 1.82 · 1014. The dotted curve represents the dust density
profile in m−3 for a line integrated dust density of 2.15 · 108 m−2, normalized with a
factor 7.07 · 1010 .
Figure 3.8 shows the net space charge for a line integrated amount of dust of
2.15 · 108 m−2. As expected, positive space charge regions appear close to the
electrodes. At the center between the electrodes a quasi-neutral region can be
observed. An interesting phenomenon induced by the dust can be observed. A
double space charge layer appears around the sharp boundary of the dust crystal.
The positive space charge layer in front of the dust crystal boundary is caused by
the recombination on the dust particle’s surfaces of ions and electrons entering
the crystal. As in front of an absorbing wall, the difference in mobility between
the ions and the electrons results in a net positive space charge that enhances
the electric field which in turn accelerates the ions from the center of discharge
towards the dust crystal to compensate for the mobility difference. The negative
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space charge layer appears very close to the sharp edges inside the dust crystal. It
appears due to the fact that the diffusion of the ions prohibits a full compensation
of the fast rising negative charge of the dust crystal.
3.4 Conclusions
Simulations with the one-dimensional fluid model show that the deposition rate in
SiH4/H2 can be increased by the presence of dust particles with a considerable size
(2 µm). The recombination on these particles alters the radio-frequency SiH4/H2
discharge in such a way, that the electron temperature increases and the electron
density decreases. This process leads to an increase in the dissociation and ioniza-
tion rates. The modelled increase in deposition rate underestimates the increase
observed in the experiments [4] during the α-γ′ transition. Depending on the total
amount of dust the width of the plasma sheaths may change considerably, thus
altering the position where the dust will settle. An other interesting phenomenon
is the appearance of a double space charge layer at the edge of the dust crystal
which is formed by the difference in mobility between the ions and electrons and
the diffusive transport of the ions caused by the steep density gradient imposed by
the dust.
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4. Modelling of Voids in Colloidal plasmas
Abstract. A two dimensional fluid model for a dusty argon
plasma in which the plasma and dust parameters are solved
self-consistently, is used to study the behavior of voids, i.e.,
dust-free regions inside dust clouds. These voids appear in
plasma crystal experiments performed under microgravity
conditions. The ion drag force turns out to be the most
promising driving force behind these voids. The contribu-
tion of the thermophoretic force, driven by the tempera-
ture gradient induced by gas heating from ion-neutral col-
lisions, can be neglected in the quasi-neutral center of the
plasma.
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4.1 Introduction
Plasma crystal experiments performed under microgravity conditions have shown
three dimensional structures, which exhibit stable voids surrounded by a crys-
talline region. In their PKE chamber Morfill et al, for instance, observed a centi-
meter-size void that was usually stable[1]. Other authors have reported on various
theoretical studies of the creation of these voids [1, 2, 3]. None of these, however,
fully explain the mechanism behind the appearance of the void.
Theoretical and numerical studies up to now have basically followed single
dust particles in the electric field and particle fluxes of an undisturbed discharge.
An important aspect not covered is the influence of the dust on the discharge. For
this a fully self-consistent model is needed. We have developed such a model for a
dust containing radio frequency [RF] discharge in argon and used it to investigate
the behavior of voids.
In this two-dimensional fluid model the particle balances, the electron energy
balance and the Poisson equation are solved, including the transport of the dust
fluid. Problems related to the huge difference in the timescale of the dust mo-
tion (1-10 s) and the RF period (100 ns) have been solved by timesplitting and an
iterative procedure. Ion-neutral collisions have been included to simulate a possi-
ble gas heating mechanism. For a dust-free argon discharge the model gives the
same results as the two-dimensional model of Boeuf [4]. The charge on a dust
particle is calculated by using the Orbital-Motion-Limited [OML] probe theory.
This OML theory assumes a uniform charge distribution on a spherical dust par-
ticle and is only valid if rd << λL, where rd is the radius of the dust particle
and λL = ((1/λe)2 + (1/λi)2)−1/2 the linearized Debye length [2], which is a
combination of the electron Debye length, λe, and the ion Debye length, λi. The
(constant) charge on the dust particle is obtained from the balance of the (OML)
electron and ion currents collected by the particle. Recombination of ions and
electrons on the dust particle surface is also taken into account.
4.2 Forces acting on a dust particle
The dust particle motion is affected by the gravitational force, Fg = mdg, where
g is the gravitational acceleration and md the mass of the dust particle, and the
electrostatic force, Fe = QdE, with Qd the charge on the dust particle and E the
electric field. On earth, the gravitational force reduces the crystal to consist of
only a few horizontal lattice planes above the electrode [5]. This force has been
neglected in our microgravity simulations.
Also a number of drag forces are present. The drag exerted by collisions with
the neutral gas is opposite to the relative velocity. In the model the neutral flow is
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neglected, therefore the neutral drag is a damping force. It is approximated by:
F nd = −4
3
πr2dndvdvthmn = −mdνmdvd (4.1)
where nn is the neutral density, mn the neutral mass, vd the drift velocity of the
dust particle, vth the average thermal velocity of the gas. νmd is the neutral-dust
collision frequency. The neutral drag force is described in more detail by Graves
et al [6]. The ion drag, as discussed by Barnes et al [7], results from the positive
ion current that is driven by the electric field. It consists of two components. The
collection force represents the momentum transfer of all the ions that are collected
by the dust particle and is given by:
F ci = πb
2
cnivsmivi (4.2)
where ni is the ion density, vs the mean speed of the ions, vi the ion drift velocity
and bc the collection impact parameter. The second component is the orbit force,
caused by deflected ions. It given by:
F oi = 4πb
2
π/2Γnivsmivi (4.3)
with bπ/2 the impact parameter that corresponds to a deflection angle π/2 and Γ
the Coulomb logarithm:
Γ =
1
2
ln
[λ2L + b2π/2
b2c + b
2
π/2
]
(4.4)
When a temperature gradient is present in the discharge, for instance due to
cooling or heating of the electrodes or due to ion-neutral collisions, the ther-
mophoretic force will act upon the dust. Atoms impinging from the hot side
have more momentum than their companions of the cold side, this results in a
force pointing in the direction −∇Tgas. For large Knudsen numbers Talbot et al
derived the following expression [8]:
F T = −32
15
r2d
vth
(
1 +
5π
32
(1− α))κT∇Tgas (4.5)
where κT is the translation part of the thermal conductivity. The thermal accom-
modation coefficient of the gas, α, is taken equal to 1. Neglecting inertia, the
balance of all forces leads to the following expression for the flux of dust parti-
cles:
Γd = − µdndE −Dd∇nd − nd
νmd
g
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+
ndmivs
mdνmd
(
4πb2π/2Γ + πb
2
c
)
Γi (4.6)
− 32
15
ndr
2
d
mdνmdvth
κT∇Tgas
Where Γd is the flux of dust particles, µd the mobility of the dust, nd the dust den-
sity, and Dd the diffusion coefficient of the dust. Diffusion is added, using Fick’s
law and the Einstein relation to couple the electrical mobility and the diffusion
coefficient. The internal pressure of the crystal due to the inter-particle interaction
has been included by means of a density dependence of the diffusion coefficient
for the dust. Plasma crystal experiments [1] have shown an inter-particle dis-
tance of about 300 microns. This results in an average ”crystal” density Ncrys
of 3.7·1010 m−3. The diffusion coefficient of the dust is increased by a factor
exp(Nd/Nc) where the reference density Nc is chosen such that the dust density
saturates at a value Ncrys. This models the incompressibility of the crystal. Ac-
tually, the (yet unknown) equation of state of the dust crystal should be used to
account for the internal pressure. Since we were not primarily interested in the
precise structure of the crystallized regions, we have chosen for the simple and
computationally robust exponential increase of Dd.
4.3 Results and discussion
Figure 4.1: A schematic drawing of the PKE chamber.
The PKE chamber used by Morfill et al [1] has been modelled (Fig. 4.1).
The reactor is cylindrically symmetric. The simulation starts with a quadratic ini-
tial dust density profile which has a maximum in between the electrodes on the
glass
glass
ground
ground
rf electrode
rf electrode
insulator
plasma
and
particles
4.2 cm
10.0 cm
3.0 cm 5.4 cm
52 Chapter 4. Modelling of Voids in Colloidal plasmas
z-axis. A number of times during the simulation the dust density profile is multi-
plied with a certain factor to increase the amount of dust in the reactor. Eventually
a total amount of between 0.94 and 3.8 million dust particles is reached. The elec-
trodes are both driven by a radio-frequency power source at a frequency of 13.56
MHz. The peak-to-peak voltage is 70 volts, this results in a power dissipation of
about 0.04 W. The pressure is 40 Pa. The dust particles have a diameter of 15
microns. The equation of motion for the dust particles, Eq.4.6, is solved for the
time-averaged electric field, plasma densities and fluxes.
Figure 4.2 shows the time-averaged potential distribution V(r,z). The poten-
tial has its maximum in the bulk of the plasma between the electrodes, so the
electric field points in the direction of the electrodes. This means that the neg-
atively charged particles will be trapped due to the electrostatic force, while the
positive ion flux, pointing toward the electrodes results in an ion drag force that
expels the particles. Figure 4.3 shows the charge on a dust particle as a function
of the position. Dust particles that are in the pre-sheath regions have a maximum
number of electrons on their surface. The charge decreases toward the center be-
cause the average electron energy decreases and toward the electrode because the
electron density becomes less than the ion density in the space charge sheaths. The
number of electrons varies between 0 and 55000. In Fig. 4.4 the gas temperature
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Figure 4.2: The time-averaged electric potential in volts in a dust-free discharge.
is plotted. We have assumed that the power consumed by the ions is completely
transferred to the gas by ion-neutral collisions. This overestimates the heating,
as the ions will take part of this power to the electrodes. The wall is assumed to
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Figure 4.3: The number of electrons on a dust particle in a dust-free discharge.
have a constant temperature of 273 K. The results show that ion-neutral collisions
give rise to a temperature gradient in the discharge of 2 K/cm at maximum. The
temperature profile is almost uniform in the bulk. This results in a thermophoretic
force in the bulk which is insufficient to explain the appearance of the void in the
plasma crystal experiments.
The dust particles will accumulate at positions where the forces are in balance
and the velocity of the dust fluid vanishes. From figure 4.5, it can be seen that the
dust particles accumulate in the bulk of the discharge. The electrostatic force is
dominant and forces the particles to move to the bulk of the plasma.
The linearized Debye length is in the order of 30 microns in the bulk of the
plasma, thus the OML theory becomes questionable in the bulk, which has conse-
quences for the contribution of the ion drag force. The small Debye length results
from the very small ion contribution in the bulk, where the ions have a small drift
velocity because of the low electric field. In the sheaths, however, the ions gain
energy from the high electric field. This results in a linearized Debye length of
the same order of magnitude as the electron Debye length (Fig. 4.6).
The simulation results above can not explain the appearance of the void in the
plasma crystal experiment. To study the conditions which are needed to create a
void, we have artificially enhanced the ion drag force. There are several reasons
why one may expect an ion drag exceeding that of equations 4.2 and 4.3. The
OML theory does not account for trapped ions [9] and the particles are not iso-
lated, but interact, which influences the screening length. The ion drag had to be
scaled up with at least a factor 10 before a void with a reasonable size appeared.
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Figure 4.4: Gas temperature profile in K in dust-free discharge.
0.1
0.1
0.2 0
.3
0.4
0.
5
0.6
0.8
0.8 0.9
1.
0
0.00 0.01 0.02 0.03 0.04 0.05
r(m)
0.00
0.01
0.02
0.03
0.04
0.05
z(m
)
Figure 4.5: The dust density in m−3, normalized with a factor of 1.6 · 1010. The total amount of
particles is 940.000.
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Figure 4.6: The linearized Debye length in µm in a dust-free discharge.
After the void has appeared the scale factor can be decreased again. This is due
to the large temperature gradient between the sheaths and the electrodes which
causes the thermophoretic force to act in the same direction as the ion drag force.
The scale factor can be decreased to a value of 5, if it is decreased further the void
collapses.
The results presented in Fig. 4.7 are obtained for the dust density profile. Also
in case only the electron Debye length is used in equation 4.4, a void appears. The
electron Debye length is of the order of the 200 microns which is the screening
length needed to explain the inter-particle distance observed in the experiments.
This increase of the screening length results in an enhancement of the ion drag to
an extent where it exceeds the electric force in the bulk plasma.
4.4 Effects of recombination
Modelling results show also that a different initial condition with a large amount
of dust particles in the bulk results in crystalline region instead of a void. This is
due to the recombination on the dust particles that can cause the ion flux and drag
force to reverse sign. In the experiments, however, the dust particles are injected
through the electrodes.
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Figure 4.7: The dust density in m−3, normalized with a factor of 1.5 · 1010. Five times enhanced
ion drag force. The total amount of particles is 3.8 · 106.
4.5 Conclusions
The numerical simulation results show that the ion-neutral collisions increase the
gas temperature by a maximum of 1 K and that the thermophoretic force plus the
ion drag force can not fully explain the appearance of the void. The OML theory
becomes questionable in the bulk of the plasma, because of the small linearized
Debye length. Enhancement of the ion drag by replacement of λL by the electron
Debye length results in the appearance of a void. Enhancing the ion drag instead
of replacing the linearized Debye length, requires a factor of at least 10. After the
void has appeared, the scaling factor can be decreased until it equals 5. This is due
to the temperature gradient between the sheaths and electrodes, which causes the
thermophoretic force to act in the same direction as the ion drag force. A further
decrease of the scaling factor results in a collapse of the void. The ion drag force
can be seen as the most promising driving force behind the appearance of the
void. Possibly a different dust injection scheme will lead to a large dust density
in the bulk and a self-sustained crystal based on recombination and inversion of
the ion flux. Thus, there is need for more experiments to verify the model. A
systematic scan, varying the power, pressure, and RF frequency would show the
behavior of the void while changing the various forces. A strongly electronegative
background gas may lead to a change of sign of the ion drag in the plasma bulk,
as the result of recombination with negative ions.
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4.6 Addendum: Inclusion of the equation of state
for the dust
In section 4.2 it has been shown that the diffusion coefficient of the dust has been
enhanced by a factor exp(Nd/Nc) where the reference density Nc is chosen such
that the dust density saturates at a value Ncrys. This artificial enhancement has
been used to model the incompressibility of the crystal.
Now the internal pressure of the crystal due to the inter-particle interaction has
been taken into account by means of an equation of state for the dust. Gozadinos
et al [10] have obtained an expression for the equation of state for a crystalline
structure of dust particles. The crystalline pressure is given by:
Pcr =
(1 + βκ)
3β
NnnΓPgexp(−βκ) (4.7)
where Γ = Q2d/4π0∆kBTd is the coupling parameter, ∆ = n
−1/3
d is the mean
inter-particle distance, κ = ∆/λe,Pg = ndkBTd, Nnn is the number of nearest
neighbours (Nnn=8 and β=1.09 for bcc lattices, Nnn=12 and β=1.12 for fcc and
hcp lattices). We take only a fcc and hcp lattices into account in our simulations.
With the above equation the effective diffusion coefficient for the crystalline re-
gions becomes
Dd =
dPcr/dn
mdνm
(4.8)
Further details can be found in [10].
By including the above mentioned equation of state, the dust profile shown in
figure 4.7 changes. In figure 4.8 the dust profile is shown for the same plasma
settings, the only difference is the inclusion of the equation of state. It shows a
much broader dust crystal with structure between the electrodes, the average dust
density is 3.34 · 1010m−3, which is in agreement with the experiments. Also the
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Figure 4.8: The dust density in m−3, normalized with a factor of 3.34 · 1010. The total amount of
particles is 1.0 · 106.
dust crystal near the reactor wall has disappeared, which is also not seen in the
experiments.
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5. Modelling the Effect of Dust on the
Plasma Parameters in a Dusty Argon Dis-
charge under Microgravity
Abstract. A dusty radio-frequency argon discharge is sim-
ulated with the use of a two-dimensional fluid model. In
the model, discharge quantities as the fluxes, densities and
electric field are calculated self-consistently. The charge
and the density of the dust are calculated with an iterative
method. During the transport of the dust, its charge is kept
constant in time. The dust influences the electric poten-
tial distribution through its charge and the density of the
plasma through recombination of positive ions and elec-
trons on its surface. Results are presented for situations in
which the dust significantly changes the discharge charac-
teristics, both by a strong reduction of the electron density
and by altering the electric potential by its charge. Simula-
tions for dust with a radius of 7.5 microns show that a dou-
ble space charge layer is created around the sharp boundary
of the dust crystal. A central dust-free region (void) is cre-
ated by the ion drag force. Inside this void a strong increase
of the production of argon meta-stables is found. This phe-
nomenon is in agreement with experimental observations,
where an enhanced light emission is seen inside the void.
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5.1 Introduction
Plasma crystal experiments performed under microgravity conditions have shown
dust particles which arrange in a crystal like structure. In their PKE chamber
Morfill et al [1, 2], usually observed a stable void with two dust vortices near the
edges of the electrodes . Also an increase of light emission emerging from center
of the discharge has been observed.
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Figure 5.1: Schematic diagram of the PKE reactor.
Theoretical and numerical studies up to now have basically followed dust par-
ticles in the electric field and particle fluxes of an undisturbed discharge. An
important aspect not covered is the influence of the dust on the discharge. For this
a fully self-consistent model is needed. We have developed such a model for a
dust containing radio frequency (RF) discharge in argon and used it to investigate
the behavior of dust particles. The model contains a dust fluid part which has been
described shortly in [3]. In existing models [4, 5, 6], the influence of the dust par-
ticles on the discharge due to recombination on their surface or the motion of the
dust as a fluid is neglected. In case discharges contain a considerable amount of
dust, like in the PKE experiments, this approximation is not correct. Our model
accounts for the influence of the dust fluid on the plasma and for its transport as
a fluid. This makes it a sophisticated tool for studying dusty discharges. In this
paper we describe the results obtained with the argon-dust fluid model, studying
in particular the dust-plasma interaction.
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5.2 Description of the model
5.2.1 Fluid model for the plasma species
To model the dynamics of a dusty plasma, we have used an extension of a pre-
viously described two-dimensional model [7], of which only the most important
aspects will be summarized here. It consists of particle balance equations for the
different species (electrons, ions and meta-stables) and an energy balance equation
for the electrons. Ion-neutral collisions have been included to simulate a possible
gas heating mechanism. For this we have used a simple approximation by assum-
ing that the energy taken up from the electric field by the ions is dissipated locally
in collisions with the gas[8]. This gas heating mechanism has been refined by tak-
ing the heating of the dust particle surface into account [9, 10]. The dust particle
(surface) temperature can affect the gas temperature which in turn could affect the
other elementary processes in the discharge.
In the model the density balance for each species j is:
dnj
dt
+∇ · Γj = Sj, (5.1)
where nj is the particle’s density,
−→
Γj the flux of the species, and Sj the local sink
or source.
The momentum balance is replaced by the drift-diffusion approximation, where
the particle flux consist of a diffusive term and a drift term,
Γj = µjnjE −Dj∇nj, (5.2)
with µj and Dj the mobility and diffusion coefficient of species j. E is the electric
field.
For ions the characteristic momentum transfer frequency is only a few mega-
hertz (MHz). To use the drift-diffusion approximation for ions for RF frequencies
higher than a few MHz the electric field field in equation 5.2 is replaced by an
effective electric field. Using this effective electric field Eeff , inertia effects are
taken into account. An expression for the effective electric field is obtained by
neglecting the diffusive transport and inserting the expression Γi = µiniEeff in
the simplified momentum balance
dΓi
dt
=
eni
mi
E − νm,iΓi, (5.3)
where νm,i is the momentum transfer frequency of the argon ions given by:
νm,i =
e
µimi
. (5.4)
5.2. Description of the model 65
Here e is the elementary charge and mi the mass of the argon ion. The effective
electric field is then obtained by solving:
dEeff,i
dt
= νm,i (E −Eeff,i) (5.5)
The electric field E and potential V are calculated using the Poisson equation:
∆V = − e
0
(ni − ne −Qdnd) , (5.6)
E = −∇V, (5.7)
where 0 is the permittivity of vacuum space, ne the electron density, ni the ion
density, Qd the charge on a dust particle and nd the dust density.
The electron energy density we = ne (i.e. the product of the electron den-
sity and average electron energy ) is calculated self-consistently from the second
moment of the Boltzmann equation:
dwe
dt
+∇ · Γw = −eΓe ·E + Sw, (5.8)
with Γw the electron energy density flux:
Γw =
5
3
µeweE − 5
3
De∇we, (5.9)
and µe and De the electron mobility and electron diffusion coefficients. The term
Sw in the electron energy balance equation is the loss of electron energy due to
electron impact collisions, including excitation, ionization and recombination of
electrons on the dust particle’s surface. To compute the sources as a function of ,
tables are generated using the two-term Boltzmann solver for the electron energy
distribution function. Via the surface charge on the electrodes the plasma can be
connected to an RLC circuit. Further details about the algorithms used to solve
the above mentioned equations can be found in [7].
5.2.2 Implementing dust as a fluid
Charging of dust
When a dust particle exceeds a certain size it can collect more than one electron
and be charged up to the floating potential relative to the surrounding plasma. This
potential depends on the local ion and electron density and energy distribution.
For a spherical dust particle with a radius rd, much smaller than the linearized
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Debye length, the Orbital-Motion-Limited theory (OML) [11] predicts a positive
ion and electron current:
Ii = 4πr
2
deni
√
kBTi
2πmi
(
1− eVfl
kBTi
)
, (5.10)
Ie = 4πr
2
dene
√
kBTe
2πme
exp
(
eVfl
kBTe
)
. (5.11)
Here, ne is the electron density, ni the positive ion density, e the elementary
charge, kB Boltzmann’s constant, Ti the positive ion temperature , Te the elec-
tron temperature, mi the ion mass, me the electron mass, and Vfl the floating
potential. All species are assumed to have a Maxwellian energy distribution. The
influence of neighboring dustparticles is neglected.
When the ions enter the plasma sheaths near the electrodes, they get a directed
velocity vi due to the electric field. Therefore, we have replaced kBTi in the
expression for the ion current by the mean energy Ei, which is:
Ei =
4kBTgas
π
+
1
2
miv
2
i . (5.12)
Equation 5.12 is obtained by using the mean speed expression of Barnes et al [13]
given by:
vs =
(
8kBTgas
πmi
+ v2i
)1/2
. (5.13)
By calculating 1
2
miv
2
s , equation 5.12 is obtained. The directed velocity vi is the
drift velocity of the ions (Eq. 5.2).
In the model the charge Qd = 4π0rdVfl on the dust is calculated from the
equilibrium of the currents in equation 5.10 and 5.11.
The floating potential of the dust is assumed to be constant during an RF cycle.
This assumption is justified by the fact that the currents towards the dust particle
surface are too small to change the charge significantly during an RF cycle.
Recombination on dust particles
When a dust particle becomes negatively charged, it will attract positive ions,
these will recombine with an electron that has to be replaced again by an electron
from the discharge to maintain the floating potential. As a result the equilibrium
fluxes of positive ions and electrons arriving at the dust surface will recombine
and the released energy is used to heat up the dust particle surface [9, 10]. The
electron flux (Eq. 5.11) results in a recombination rate:
R = 4πr2dndne
√
kBTe
2πme
exp
(
eVfl
kBTe
)
, (5.14)
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Forces acting on a dust particle
In a plasma dust particles undergo a wide variety of forces. Assuming that a dust
particle is a perfect sphere the gravitational force can be written as:
F g =
4
3
πr3dρdg, (5.15)
where rd is the dust particle radius, ρd is the mass density and g is the gravita-
tional acceleration. For the often used melamine-formaldehyde dust particle ρd is
approximately 1.51 · 103 kg/m3.
When a dust particle has a velocity relative to the neutral gas, it will experience
a drag force due to momentum transfer from/to the gas. This neutral drag force
has been discussed in detail by Graves et al [12]. It can be approximated by,
F n = −4
3
πr2dnn (vd − vn) vthmn, (5.16)
where nn is the density of the neutral with mass mn, vd the drift velocity of the
dust particle, vn the velocity of the gas and vth the average thermal velocity of the
gas. Because advection of the neutral gas is not included in the model, vn = 0,
this force will only be present as a damping force on the velocity of the dust
particles.
Another force caused by momentum transfer is the ion drag. This force results
from the positive ion current that is driven by the electric field. It consists of two
components. The collection force represents the momentum transfer of all the
ions that are collected by the dust particle and is given by:
F ci = πb
2
cnivsmivi, (5.17)
where vs the mean speed of the ions, vi the ion drift velocity and bc the collection
impact parameter.
The second component is the orbit force given by:
F oi = 4πb
2
π/2Γnivsmivi, (5.18)
with bπ/2 the impact parameter that corresponds to a deflection angle π/2 and Γ
the Coulomb logarithm.
Γ =
1
2
ln
(
λ2L + b
2
π/2
b2c + b
2
π/2
)
, (5.19)
λL = ((1/λe)
2+(1/λi)
2)−1/2 is the linearized Debye length, which is a combina-
tion of the electron Debye length, λe, and the ion Debye length, λi. The ion drag
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is discussed in more detail by Barnes et al [13]. Previous calculations have shown
that the ion drag should be enhanced with at least a factor 5 or the linearized De-
bye length in the Coulomb logarithm (Eq. 5.19) should be replaced by the electron
Debye length, in order to generate a void [3]. This factor is also included in the
calculation presented here. Khrapak et al [14] have studied cases where the ion
drag force is underestimated by using the ion drag expression of Barnes. These
cases are quite similar to ours. Lampe et al [15] have shown that collisions with
the background gas may enhance the collection of ions. This could explain the
factor 5 needed in our simulations.
Due to their charge, dust particles will experience an electric force. Daugherty
et al [16] derived the following expression:
F e = QdE
(
1 +
κrd
3(1 + κrd)
)
︸ ︷︷ ︸
≈1
, (5.20)
where Qd is the charge on the dust particle, E is the electric field and κ = 1/λL.
In a discharge the dust particle radius is much smaller than the linearized Debye
length, therefore the term between the bracket is approximately 1 and the electric
force is given by:
F e = QdE. (5.21)
This expression holds for situations where the dust particles are not shielded from
the plasma by positive ions trapped in orbitals around the dust particle [15]. In
that case the particle plus ion cloud will behave as some kind of dipole.
When a temperature gradient is present in a discharge, for instance due to
cooling or heating of the electrodes a third force driven by momentum transfer
will occur. This force is called the thermophoretic force. Atoms impinging from
the hot side have more momentum than their companions of the cold side, this can
result in a force pointing in the direction −∇Tgas.
For large Knudsen numbers Talbot et al [17] derived the following expression:
F th = −32
15
r2d
vth
(
1 +
5π
32
(1− α)
)
κT∇Tgas, (5.22)
vth = [8kBTgas/(πm)]
1/2 is the average thermal velocity of the gas. κT is the
translation part of the thermal conductivity. α, the thermal accommodation coef-
ficient of the gas is taken equal to 1.
To obtain a suitable expression for the flux of dust particles, we assume that
the neutral drag force is in equilibrium with the sum of the other forces. This as-
sumption is valid when the final steady state is approached, but should be relaxed,
for instance, when the dust is injected at a high velocity. In that case the inertia
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of the dust should not be neglected. With the introduction of a momentum loss
frequency and a mobility and diffusion coefficient for the dust particles given by:
νmd =
√
2
ptot
kBTgas
πr2d
√
8kBTgas
πmd
, (5.23)
where ptot is the static pressure and md the dust particle’s mass.
µd =
Qd
mdνmd
, (5.24)
Dd = µd
kBTgas
Qd
, (5.25)
it is possible to define a ”drift-diffusion” expression for the flux of the dust parti-
cles,
Γd = −µdndEeff −Dd∇nd − nd
νmd
g
+
ndmivs
mdνmd
(
4πb2π/2Γ + πb
2
c
)
Γi (5.26)
− 32
15
ndr
2
d
mdνmdvth
κT∇Tgas,
and treat them with the same numerical procedures as the other charged particles
in the fluid model. Because of the low mobility of the dust particles the effective
field Eeff is approximated by the time averaged RF field. The diffusion originates
from the pressure gradient, kBTd∇nd. The Einstein relation couples the diffusion
and the mobility coefficients, see equation 5.25.
The drift velocity and the diffusion coefficient of the dust fluids are much
smaller than those of the ions and electrons. Therefore it would require a large
computational effort to achieve a steady state solution for the dust when it is fol-
lowed during an RF cycle. We therefore have developed a method to speed up the
convergence toward the steady state solution by introducing a different calcula-
tion cycle with a different time step for the dust. Our model thus consists of two
calculation cycles. In the first one, the transport equations of the ions, electrons
and the Poisson equation are solved during a number of RF cycles, during the RF
cycles the dust does not move. After that, the transport equation of the dust is
solved with a greater time step, using the time averaged electric field, and elec-
tron and positive ion fluxes. During the second calculation, space charge regions
are created, because the electron and positive ion densities do not change. These
space charge regions will lead to instabilities in the solution of Poisson equation
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and the electron transport. To solve this problem, we correct the artificially gen-
erated space charge by adapting the positive ion density distributions prior to the
next series of RF cycles, in which the ion and electron density profiles adapt them-
selves to the new dust density profile. With this method the required speed-up is
established. Both for the plasma species and for the dust fluids the transport equa-
tions are solved using the Sharfetter-Gummel exponential scheme [7]. To model
the reactor (Fig. 5.1), we have used a grid of 24 radial gridpoints times 48 axial
gridpoints. We make use of a non-equidistant grid. The radial spatial resolution is
0.21 cm and the axial resolution between the electrodes is 0.09 cm. More details
about the used discretion schemes can be found in [7].
The internal pressure of the crystal due to the inter-particle interaction has
been included by means of a density dependence of the diffusion coefficient for
the dust. The diffusion coefficient of the dust is increased by a factor exp(Nd/Nc)
where the reference density Nc is chosen such that the dust density saturates at a
value Ncrys. This models the incompressibility of the crystal. Actually, the (yet
unknown) equation of state of the dust crystal should be used to account for the
internal pressure. Since we were not primarily interested in the precise structure
of the crystallized regions, we have chosen for the simple and computationally
robust exponential increase of Dd. Plasma crystal experiments [1] have shown an
inter-particle distance of about 300 µm for a dust particle with diameter of 15 µm.
This results in an average ”crystal” density Ncrys of 3.7·1010 m−3.
5.3 Results and discussion
In this section the results, obtained with the 2D argon-dust fluid model are pre-
sented. The PKE chamber used by Morfill et al has been modelled (Fig. 5.1). The
reactor is cylindrically symmetric. The simulation starts with a zero dust density
profile. During the simulation the dust is injected from both electrodes by adding
source terms in the dust particle balances for the first grid points below/above
the electrodes. The injection rate is about 750.000 particles per second. Eventu-
ally a total amount of 0.7 million dust particles is reached, after that the sources
switched off. The electrodes are both driven by a radio-frequency power source at
a frequency of 13.56 MHz. The peak-to-peak voltage is 70 volts, this results in a
power dissipation of about 0.04 W. The pressure is 40 Pa. The dust particles have
a diameter of 15 µm. Comparisons of the plasma parameters are made for a dusty
and a dust-free argon discharge.
Figure 5.2 shows the steady state dust density profile. In the center of the
discharge a dust-free region, the so-called void appears, surrounded by a crys-
talline region of dust with an average density of 1.55 · 1010 m−3. This gives an
inter-particle distance of about 400 microns.
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Figure 5.2: Dust density profile in m−3, normalized with a factor of 1.55 · 1010.
(a) (b)
Figure 5.3: Time-averaged electric potential in volts in dust-free discharge (a) and for a dusty
argon discharge (b).
(a) (b)
Figure 5.4: Number of electrons on a dust particle with diameter of 15 µm in a dust-free discharge
(a) and for a dusty argon discharge (b).
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Figures 5.3a and 5.3b show the time-averaged potential distribution V(r,z) in
the dust-free and the dusty argon discharge. In both cases the potential has its
maximum in the bulk of the plasma between the electrodes. Comparing the po-
tential distributions, a significant change in the plasma potential can be observed.
The plasma potential in the center of the dusty discharge has decreased compared
with the dust-free case. This shows the importance of taking into account both the
contribution of the charge on the dust (Fig. 5.4a and 5.4b) in the Poisson equa-
tion and the recombination on the dust particle surface. It can also be seen that
if a dust particle would settle in the center of the discharge it would get a higher
charge in a dusty discharge. This is mainly due to a higher electron energy. The
non-uniform charge distribution is the result of the spatial distribution of the ions,
electrons and electron energy. The enhanced ion density in the dust cloud reduces
the dust charge.
(a) (b)
Figure 5.5: Time-averaged electron density in m−3 for a dust-free discharge, normalized with a
factor of 2.59 · 1015 (a) and for a dusty argon discharge, normalized with a factor of
2.61 · 1015 (b).
Comparing Fig. 5.5a and Fig. 5.5b, it can be seen that indeed the recombi-
nation on the dust particle surface acts as a sink for the electrons. The same is
observed for the argon ions (Fig. 5.6a and 5.6b). Due to a decrease in the electron
and ion density, the remaining electrons can gain more energy from the larger os-
cillating electric field, this gives rise to a higher electron temperature in a dusty
discharge (Fig. 5.7a and 5.7b). This increase in electron temperature enhances
the production of the argon meta-stables with almost 25 percent. This is shown
in figures 5.8a and 5.8b. In the experiments the enhanced electron temperature is
seen via an increase of the intensity of the light emitted from inside the void due
to excited argon atoms. However the meta-stables density could be used as an
indirect indicator for the light emerging from the void.
Figure 5.9a shows the net space charge in a dust-free argon plasma. As ex-
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(a) (b)
Figure 5.6: Time-averaged ion density in m−3 for a dust-free discharge, normalized with a factor
of 2.59·1015 (a) and for a dusty argon discharge, normalized with a factor of 2.61·1015
(b).
(a) (b)
Figure 5.7: Time-averaged electron energy in eV for a dust-free discharge (a) and for a dusty
argon discharge (b).
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(a) (b)
Figure 5.8: Time-averaged argon meta-stable density in m−3 for a dust-free discharge, normal-
ized with a factor of 4.01 · 1017 (a) and for a dusty argon discharge, normalized with
a factor of 4.92 · 1017 (b).
pected, positive space charge regions appear only close to the electrodes and the
reactor wall. At the center between the electrodes a quasi-neutral region can be ob-
served. For the dusty discharge case an interesting phenomenon can be observed.
Figures 5.9b, 5.9c and 5.10 show a double space charge layer that appears around
the sharp boundary of the dust crystal. This double space charge layer inside the
void has been described by Annaratone et al [18]. The positive space charge layer
in front of the dust crystal boundary is caused by the recombination on the dust
particle’s surfaces of ions and electrons entering the crystal. As in front of an ab-
sorbing wall, the difference in mobility between the ions and the electrons results
in a net positive space charge that enhances the electric field which in turn acceler-
ates the ions from the center of the void towards the dust crystal to compensate for
the mobility difference. The negative space charge region appears very close to
the sharp edges inside the dust crystal. It appears due to the fact that the diffusion
of the argon ions prohibits a full compensation of the fast rising negative charge
of the dust crystal. These double space charge layers could explain the repulsion
effect of the generated dust clouds during the first stages of injection, which slows
down the mixing of the dust clouds seen in the PKE experiments [1].
Figures 5.11a and 5.11b show the gas temperature for the dust-free and dusty
discharge. The gas temperature profile in a dusty plasma has two maxima of 274.1
K in the sheaths, which is about 1 K higher than the reactor wall temperature that
is kept at 273 K. In figures 5.12a and 5.12b the dust particle (surface) temperature
is shown for the dust-free and dusty discharge, it can be observed that a dust
particle would get a maximum temperature in the center of the plasma if it would
settle there. This is due to the maximum in the ion and electron density in the
middle of the discharge, giving a maximum recombination energy flux towards the
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(a) (b)
(c)
Figure 5.9: (a) Time-averaged net space charge in m−3 for a dust-free argon discharge in elemen-
tary charges, normalized with a factor of 1.42 · 1014.
(b) Time-averaged positive space charge in m−3 for a dusty argon discharge in ele-
mentary charges, normalized with a factor of 2.16 · 1014.
(c)Time-averaged negative space charge in m−3 for a dusty argon discharge in ele-
mentary charges, normalized with a factor of 5.78 · 1013.
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Figure 5.10: Dust density profile and the net space charge profile for a dust-free and dusty argon
discharge at the axial symmetry axis. The thick curve represents dust density profile
of the 15µm sized dust particles, normalized with a factor of 1.48 · 1010. The dashed
curve represents the net space charge in a dust argon discharge, normalized with a
factor of 5.37 · 1013. The dotted curve represents the net space charge for a dust-free
discharge at the axial symmetry axis, normalized with a factor of 1.84 · 1013.
(a) (b)
Figure 5.11: (a) Gas temperature in K for a dust-free discharge (a) and for a dusty argon discharge
(b).
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(a) (b)
Figure 5.12: Dust particle surface temperature in K for a dust-free discharge (a) and for a dusty
argon discharge (b).
dust particles surface. Note that the difference between the gas and dust particle
surface temperature is about 9 K at the center of the discharge. Comparing the gas
temperature for a dust free and dusty discharge (Fig. 5.11a and 5.11b) shows that
the effect of the dust on the gas temperature profile is negligible.
5.4 Conclusions
The numerical simulation results show that self-consistent modelling of the plasma
parameters in a dusty argon discharge is important. Both the contribution of the
charge on the dust in the Poisson equation and the recombination on the dust par-
ticle surface must be taken into account. Recombination on the dust particle’s
surface results for instance in a significant difference in electron and ion densities
between a dust-free and dusty argon discharge. Also the other plasma parameters
are affected, like the electron temperature, the electric potential and the charge on
the dust particles. An interesting phenomenon is the appearance of a double space
charge at the edge of the dust crystal which is formed by the difference in mobility
between the ions and electrons and the diffusive transport of the ions caused by
the steep density gradients. The modelling results also show an increase of the
density of the argon meta-stables inside the void, illustrating in an indirect way
the increased light emission emerging from the void due to excited argon atoms,
as observed in the PKE experiments [1].
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6. Modelling of Self-Excited Dust Vortices in
Complex Plasmas under Microgravity
Abstract. A two dimensional hydrodynamic model for a
dusty argon plasma in which the plasma and dust param-
eters are solved self-consistently, has been supplemented
with a separate dust particle tracing module to study the
behavior of dust vortices. These coherent vortices appear
in plasma crystal experiments performed under micrograv-
ity conditions. The non-conservative total force exerted by
the discharge on the dust particles is responsible for the
generation of the vortices. The contribution of the ther-
mophoretic force driven by the gas temperature gradient
plays an insignificant role in the generation of the vortices,
even when the gas heating via the dust particles is taken
into account. The forces related to the electric field, in-
cluding the ion drag force, are dominant.
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6.1 Introduction
Plasma crystal experiments performed under microgravity conditions have shown
dust vortices which usually appear outside the crystalline regions. In their PKE
(Plasmakristall-Experiment) chamber (Fig. 6.1) Morfill et al usually observed
two stable dust vortices near the edges of the electrodes (Fig. 6.2), one rotating
clockwise and the other counter-clockwise [1, 2]. Other authors have reported on
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Figure 6.1: A schematic diagram of the PKE chamber.
Vortices
Figure 6.2: A dust crystal in a PKE experiment under microgravity conditions [2]. The vortices
usually appear at the outer edges.
various theoretical and numerical studies of the driving mechanisms behind these
vortices [3, 4]. None of these, however, fully explain the mechanism behind their
creation under microgravity.
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Theoretical and numerical studies up to now have basically followed dust par-
ticles in the electric field and particle fluxes of an undisturbed discharge. An
important aspect not covered is the influence of the dust on the discharge. For
this a fully self-consistent model is needed. We have developed such a model for
a dust containing radio frequency (RF) discharge in argon and used it to inves-
tigate the behavior of dust particles. The model contains a dust-argon fluid part
which has been described in a previous article [5] and a newly added part that
takes the inertia and the screened-Coulomb interaction between the dust particles
into account to trace dust particles in a dusty argon discharge. In existing models
[6, 7], the influence of the dust particles on the discharge due to recombination
on their surface or the motion of the dust is neglected. If a discharge contains a
considerable amount of dust, like in the PKE experiments, this approximation is
not correct. Our model accounts for the influence of the dust fluid on the plasma
and for its transport as a fluid. This makes it a sophisticated tool for studying
dusty discharges. The dust-argon fluid model provides the input data for a sepa-
rate module which calculates the dust particle trajectories in the force field present
in a dusty discharge. In this paper we describe the newly added particle tracing
module and the results obtained with it, studying in particular the generation of
vortices.
6.2 Fluid model
In the fluid part of our two-dimensional model the particle balances, the electron
energy balance and the Poisson equation are solved, including the transport of the
dust fluid. For each particle a density balance can be written as:
dnj
dt
+∇ · Γj = Sj, (6.1)
where nj is the particle’s density, Γj the flux of the species and Sj , the sink or
source terms.
The momentum balance is replaced by the drift-diffusion approximation, where
the particle flux consist of a diffusive term and a drift term,
Γj = µjnjE −Dj∇nj, (6.2)
where µj and Dj are the mobility and diffusion coefficient of species j. E is the
electric field.
Also the flux of the dust particles can be written as a drift-diffusion expression.
Setting the friction force exerted by the neutral gas equal to the sum of the other
forces, including the force term from the dust pressure gradient, results in:
Γd =
∑
F d
mdνmd
− kBTd
mdνmd
∇nd, (6.3)
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with md the mass of the dust particle, νmd the momentum loss frequency due to
friction. The diffusion coefficient is enhanced at high dust densities in order to
model the crystal formation [5].
For ions the characteristic momentum transfer frequency is only a few mega-
hertz (MHz). To use the drift-diffusion approximation for ions for RF frequencies
higher than a few MHz the electric field field in equation 6.2 is replaced by an
effective electric field, using this effective electric field Eeff , inertia effects are
taken into account [8].
The electric field E and potential V are calculated using the Poisson equation:
∆V = − e
0
(ni − ne −Qdnd) , (6.4)
E = −∇V, (6.5)
where e is the elementary charge, 0 the permittivity of vacuum space, ne the
electron density, ni the ion density, Qd the charge on a dust particle and nd the
dust density.
The electron energy density we = ne (i.e. the product of the electron den-
sity and average electron energy ) is calculated self-consistently from the second
moment of the Boltzmann equation:
dwe
dt
+∇ · Γw = −eΓe ·E + Sw, (6.6)
where Γw is the electron energy density flux:
Γw =
5
3
µeweE − 5
3
De∇we, (6.7)
and µe and De are the electron mobility and electron diffusion coefficients. The
term Sw in the electron energy balance equation is the loss of electron energy due
to electron impact collisions, for instance recombination of electrons on the dust
particle’s surface. Further details about the algorithms used to solve the above
mentioned equations can be found in [8]. Problems related to the huge difference
in the timescale of the dust motion (1-10 s) and the RF period (100 ns) have been
solved by time splitting and an iterative procedure.The charge on a dust particle
is calculated by using the Orbital-Motion-Limited (OML) probe theory [9]. The
charge on the dust particle is assumed to be constant in time during an RF cycle
and is obtained from the balance of the local (OML) time-averaged electron and
ion currents collected by the particle. Recombination of ions and electrons on the
dust particle surface is also taken into account. Ion-neutral collisions have been
included to simulate a possible gas heating mechanism. For this we have used a
simple approximation by assuming that the energy taken up from the electric field
86 Chapter 6. Modelling of Self-Excited Dust Vortices in Complex Plasmas....
by the ions is dissipated locally in collisions with the gas [10]. We have extended
this gas heating mechanism by taking the heating of the dust particle surface into
account. The dust particle (surface) temperature can affect the gas temperature
which in turn could affect the other elementary processes in the discharge, relevant
for the formation of vortices. The thermal balance of the particles can be written as
an equality between the thermal influx Qin and the outflux Qout. For a stationary
situation the thermal influx is given by Qin = Jrec, where Jrec is the energy flux
of the recombining ion-and electron flux arriving at the dust particle surface. For
a Maxwellian electron energy distribution function Jrec is given by:
Jrec = ndne
√
kBTe
2πme
exp
(
eVfl
kBTe
)
(Ei + eVfl) , (6.8)
where Te is the electron temperature, me the electron mass, Vfl the floating po-
tential and Ei the ionisation energy which is 15.7 eV for argon. The outflux is
given by Qout = Jth + Jrad. For the pressure range in the PKE experiments, the
thermal conduction of the gas Jth is governed by the Knudsen theory [11]. Jrad is
the radiative cooling. Jth is given by:
Jth =
γ + 1
16(γ − 1)
p√
Tg
√
8kB
πmg
α(Tp − Tg), (6.9)
where γ = cp/cv is the heat capacity ratio, mg the gas molecule mass, p the gas
pressure, Tp the dust particle surface temperature, Tg the gas temperature and α
the accommodation coefficient.
The radiative cooling term Jrad follows directly from the Stefan-Boltzmann
law:
Jrad = σ
(
T 4p − T 4w
)
, (6.10)
where  is the emissivity, σ the Stefan-Boltzmann constant and Tw the reactor
wall temperature. For an argon discharge γ = 5/3 and α = 0.86 have been
suggested in the literature [12]. The emissivity of the melamine-formaldehyde
(MF) particles that are used in the PKE experiments is supposed to be 0.9 [13].
Equation 6.9 and Eq. 6.10 are coupled to the temperature balance for the gas and
solved with an iterative method.
6.3 Dust particle trajectories
In the fluid model [5], the transport of the dust fluid is solved by assuming that
the forces acting on the dust particles are in balance with the neutral drag force.
In that case the inertia of the dust particles is neglected and a so-called drift-
diffusion expression is obtained for the flux of dust particles. This makes the fluid
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model only useful to study the steady state behavior of dust clouds. To study the
vortices that have been seen in the PKE experiments, the inertia and the interaction
between the dust particles should be taken into account. The fluid model provides
the force field and the linearized Debye length present in a dusty discharge. These
are used by the dust particle trajectory model to solve the equation of motion of the
dust particles. Neglecting the screened Coulomb interaction with the background
dust crystal, the equation of motion is given by:
md
dvd
dt
= F E + F I + F T + FN + F SC , (6.11)
where md is the mass of the dust particle, vd its velocity, F E the electric force, F I
the ion drag force, F T the thermophoretic force, FN the neutral drag force and
F SC the screened Coulomb force between the dust particles which are tracked in
the dust particle trajectory module. For details about the expressions used for the
above mentioned forces we refer to previous articles [5, 14].
6.4 Results and discussion
Figure 6.3: Simulated dust density profile in m−3 in an argon discharge, normalized with a factor
1.5 · 1010.
The PKE chamber used by Morfill et al has been modelled. The reactor is
cylindrically symmetric. The simulation starts with a zero dust density profile.
During the simulation the dust is injected from both electrodes by adding source
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terms in the dust particle balances for the first grid points below/above the elec-
trodes, the injection rate is about 750.000 particles per second. Eventually a total
amount of 0.7 million dust particles is reached; after that the sources are switched
off. The electrodes are both driven by a radio-frequency power source at a fre-
quency of 13.56 MHz. The peak-to-peak voltage is 70 volts. This results in a
power dissipation of about 0.04 W. The pressure is 40 Pa. The dust particles have
a diameter of 15 µm. The equation of motion for the dust fluid [5] is solved for
the time-averaged electric field, plasma densities and fluxes.
Figure 6.3 shows the steady state dust density profile. In the center of the dis-
charge a dust-free region, the so-called void appears, surrounded by a crystalline
region of dust with an average density of 1.5 · 1010m−3.
Figures 6.4 and 6.5 show the time-averaged potential distribution V(r,z) in the
dust-free and the dusty argon discharge. In both cases the potential has its maxi-
mum at the center of the plasma between the electrodes. Comparing the potential
distributions, a significant difference in the plasma potential can be observed. The
plasma potential decreases in the center of the discharge in the case of a dusty
plasma. This shows the importance of taking into account both the contribution
of the charge on the dust in the Poisson equation and the recombination on the
dust particle surface, which leads to a lower electron density and a higher electron
temperature.
Figure 6.4: Time-averaged potential V(r,z) in volts in the dust-free argon discharge.
Figure 6.6 shows the gas temperature in a dusty discharge. The gas tempera-
ture profile has two maxima of 274.1 K in the sheaths, which is about 1 K higher
than the reactor wall temperature that is kept at 273 K. In the regions where the
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Figure 6.5: Time-averaged potential V(r,z) in volts the dusty argon discharge.
Figure 6.6: Gas temperature in K in the dusty argon discharge.
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Figure 6.7: Dust particle surface temperature in K in the dusty argon discharge.
dust vortices have been observed in the PKE experiments (Fig. 6.2) the thermal
gradient is about 0.1 K/cm. This shows that the contribution of the thermophoretic
force to the total force on the dust particles is negligible, typically 30 times smaller
than the other forces. In figure 6.7 the dust particle (surface) temperature has been
plotted. It can be observed that a dust particle would get a maximum temperature
in the center of the plasma if it would settle there. This is due to the maximum
in the ion and electron density in the middle of the discharge, giving a maximum
recombination energy flux towards the dust particles surface. Note that the differ-
ence between the gas and dust particle temperature is about 9 K at the center of
the discharge.
Figure 6.8 shows the dust particle trajectories of 12 particles which have been
injected from the lower electrode in a dusty argon discharge. Apart from the
negligible thermophoretic force (typical value 2 · 10−13 N), the forces acting on
a particle are 1) the ion drag force (7 · 10−12 N) that tends to push the particles
up or down, away from the plane of symmetry (z=0.027), and radially outward,
and 2) the electric force (7 · 10−12 N), that acts in the opposite direction. The
total force is their sum. At a certain radius, in the plane of symmetry (where
all axial forces are zero), there is a point where the total radial force becomes
zero. This is where a single particle will go. The repulsing screened Coulomb
force (5 · 10−13 N) prohibits this in case of more particles. The particles are then
forced to stay in the lower or upper half of the reactor and/or inside and outside
the radius where the total radial force vanishes. In these regions the total force is
not conservative (∮ F tot · ds = 0) and the particles start to rotate in a direction
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Figure 6.8: Trajectories of dust particles injected from the lower electrode in the dusty argon
discharge. Two symmetric stable vortices are generated.
Figure 6.9: The axial position of the fourth dust particle injected from the lower electrode at the
position r = 0.012 m as function of time, in the dusty argon discharge. The dashed
line is the axial axis of symmetry.
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Figure 6.10: Positions of dust particles in the dusty argon discharge at different time steps, repre-
sented by growing dots. The solid circles shows the direction of rotation of the dust
clouds. The dashed line is the axial axis of symmetry.
dictated by the sign of ∇ × F tot. The neutral drag force (5 · 10−14 N) causes
the particles to move in a closed orbit. These coherent vortices are permanently
driven by the forces resulting from the plasma and therefore keep on turning for
timescales much longer than the average rotation time. After injection, the system
first has an irregular (chaotic) character, where particles can even jump from one
cloud to the other (Fig. 6.9), and then it relaxes toward a self-organized state.
Figure 6.10 shows the dust vortex motion after relaxation in more detail. Each
dust cloud consist of 6 particles, of which five follow the same orbit and one in
the middle has a small elliptic orbit. The vortices rotate in opposite directions,
this has also been observed in the PKE experiments. The rotation in our case is
mainly determined by the combination of ion drag and electric force acting on the
dust particles. The ion drag force and the electric force are such that they push the
particles axially toward the midplane z = 0.027 m and radially toward the plane
r = 0.0245 m through the centers of the vortices. The screened Coulomb force
however keeps the dust particles away from each other. The calculations made by
Vaulina et al [3] show that negligible macro particle charge gradients could cause
the dust clouds to rotate. Our calculation shows that no dust charge gradients are
needed to get vortices, but that these vortices are driven by the force field dictated
by the plasma. The changes in the particle charge in the course of one rotation due
to the spatial variation of the plasma parameters are taken into account, but hardly
influence its motion. Actually, the gradient in the particle charge is much larger at
other positions, outside the vortices. Another difference with the analysis in [3] is
the fact that in our case the most dominant forces all depend on the particle charge
and gravity is not included.
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6.5 Conclusions
The numerical simulation results show that self-consistent modelling of the plasma
parameters in a dusty argon discharge is important. Both the contribution of the
charge on the dust in the Poisson equation and the recombination on the dust par-
ticle surface must be taken into account. The dust-plasma interaction results in a
significant difference in the time-averaged potential distributions V(r,z) between
a dust-free and dusty argon discharge. Comparing the gas temperature and dust
particle surface temperature in the center of the discharge, shows a considerable
difference of 9 K, but this does not affect the gas temperature profile. In the re-
gion where the dust vortices appear the thermal gradient of the gas is small, the
thermophoretic force is about 30 times smaller than the other forces acting on the
dust particles. This fact lets us conclude that the generation of the dust vortices are
generated by the combination of the ion drag force, electric force and the screened
Coulomb force acting on the dust particles and not by the thermophoretic force.
Our simulations show good agreement with the PKE experiments done under mi-
crogravity.
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7. Vortices in Dust Clouds under Micrograv-
ity: a simple explanation
Abstract. Clouds of dust particles in radio frequency dis-
charges often show a periodic vortex-like motion, espe-
cially near the edges of the electrodes or near the tip of
an electrostatic probe. These vortices often last as long
as the discharge is powered. In a previous paper we have
followed a small number of individual dust particles in
a discharge under microgravity conditions, moving un-
der the influence of forces computed by means of a self-
consistent two dimensional hydrodynamic model, and in-
teracting via a screened Coulomb potential. The resulting
motion showed the vortex-like rotation. In this paper we
discuss this phenomenon in more detail, using a simplified
model with harmonic forces, but extending the simulations
to three dimensions. Stable vortices are observed that show
a more chaotic behavior than in the two-dimensional situ-
ation. Particles frequently jump up and down between two
counter-rotating vortices. The generation of the vortices
can be ascribed to a non-zero rotation of the net global
force vector field, that is the sum of the ion drag force, the
electric force, and the thermophoretic force in case of the
experiments. Comparison of experimental data with simu-
lations using a model potential may open a way to unravel
the forces inside a cloud of dust particles.
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7.1 Introduction
Plasma crystal experiments performed under microgravity conditions often show a
coherent rotation of parts of the cloud of dust particles immersed in the discharge,
while other parts stand still and eventually form a crystalline region. The driving
mechanism behind this coherent rotation can not easily be unravelled because the
forces acting on the dust particles are modified due to the presence of the dust and
because the charge on the dust particles may vary in the course of their trajectory.
Previously [1], we have reported on a simulation of the motion of individual par-
ticles in a dust cloud, using the net global force resulting from the ion drag, the
electric and thermophoretic force exerted by the discharge, while adding the short
range particle-particle interaction by means of a screened Coulomb potential as
well as friction with the background gas. This simulation, however, was done in
a two-dimensional (2D) (r,z) geometry, not allowing the particles to move in the
φ-direction and also the number of particles was limited. In this paper we present
similar simulations, but for a prescribed harmonic net axial and radial force, in
three dimensions and with more particles. This approach is similar to those used
to study ionic crystals [2, 3]
7.2 The forces included
Figure 7.1: The global net axial (a) and radial (b) force acting on a dust particle. Result from a
2D hydrodynamic simulation.
Figures 7.1a and 7.1b show the net force in the axial (a) and radial (b) di-
rection acting on a dust particle according to one of the simulations with our 2D
cylindrically symmetric hydrodynamic model for the Plasmakristall Experiment
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(PKE) reactor under microgravity conditions [4, 5] for the region in r and z where
the vortices appear. The force is the sum of the ion drag force (from the ions leav-
ing the discharge), the electric force (from the net space charge distribution and
the applied voltage), and the thermophoretic force (from the temperature gradient
of the gas). The influence of the presence of the dust on the discharge is fully
accounted for. Drawn in figures 7.1a and 7.1b are lines of constant force. Due to
symmetry the axial force vanishes in the midplane of the reactor (z=2.7 cm) and,
going up or down, the force tends to push the particles back to this plane in the
outer regions and away from this plane in the central part of the discharge. The ra-
dial force changes direction from outward in the central part to inward in the outer
part of the region considered. This behavior of the forces is responsible for the
generation of a dustfree central void [5]. An important feature is that the lines of
constant force are not straight, yielding a non-zero rotation of the net force vector
field and thus the possibility that a particle gains energy in a periodic motion.
The complexity of this force and the fact that it is only known at a limited
number of computational grid points prohibits a study of a dust particle cloud
with a large number of particles in three dimensions. Therefore, we have turned
to an analytical expression for the force that is easy to calculate at any particle
position, while keeping the main features of the force in figures 7.1a and 7.1b.
The force we have chosen is a harmonic force, F , in both directions, but with
the possibility that the axial position where the radial force vanishes becomes a
function of the axial coordinate z:
F z = −αzmpzeˆz, (7.1)
F r = −αrmp(r − r0(z))eˆr r0(z) = r00 + βz2,
F φ = 0,
with mp the mass of the particle. Thus, we can introduce a curvature of the
lines with constant radial force by taking β different from zero and vary the force
strength by means of the Hook constants αz and αr. r00 defines the point where
the radial force vanishes in the plane of symmetry (z=0).
The particle-particle interaction is modelled according to the screened Coulomb
potential, assuming a prescribed fixed charge, Qp, screening distance, λsc, and a
particle radius rp that is much smaller than the screening length:
F ij =
Q2p
4π0‖ri − rj‖3
(
1 +
‖ri − rj‖
λsc
)
exp
(− ‖ri − rj‖
λsc
)
(ri − rj). (7.2)
This screened Coulomb interaction is usually observed in particle clouds in a dis-
charge [6, 7]. The results of the simulations, however, will not change when an
unscreened interaction is used. Friction with the background gas is accounted for
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by the standard expression:
F f = −αfmpvp, (7.3)
where in reality the friction coefficient αf will depend on the density of the back-
ground gas [8].
All this straightforward leads to the equation of motion for particle i:
mp
dvi
dt
= F (ri) +
∑
j =i
F ij + F f (vi). (7.4)
This equation is integrated in time with a leap-frog scheme, with a sufficiently
small time step to avoid spurious heating. All particle-particle interactions are
accounted for.
7.3 Results and Discussion
Figure 7.2: Projection of the position of 1800 (a) and 3600 (b) particles on the r-z plane for a
rotation free force.
Figures 7.2a and 7.2b show the result of a simulation with 1800 (a) and 3600
(b) silicon (ρ=2200 kg m−3) particles of radius 7.5 µm (mp = 3.9 10−12kg) with
a charge of 30000 electrons, using a screening length of 2 mm in a rotation free
force with αz=αr=160, αf=1, β=0, and r00=0.02. The charge and screening length
are larger than expected in reality, (typical values 15000 and 0.5 mm) to reduce
the number of particles needed in the simulation. Plotted is the projection of the
positions of the particles on the r-z plane. The position of the center is dictated by
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the value of r00, being slightly different from the situation depicted in figures 7.1a
and 7.1b.
As expected the friction causes the particles to go to an equilibrium position
determined by the balance of all forces, including the particle-particle interaction
forces. When the amount of particles is low, they find enough space in the φ
coordinate and first form a circle. When this is no longer possible due to the
particle-particle interaction the particles fill concentric tori. A similar simulation
for a harmonic potential centered at the origin would give concentric spheres [2].
In fact the results presented here resemble those of a particle cloud confined in
a cylindrical potential [3] with periodic boundary conditions. There is a slight
difference, however, because in our case the distribution is not symmetric around
r00 because at smaller r values the particles have less volume available than at
larger r values.
Figure 7.3: Projection of the position of one of the particles on the r-z plane for a force with
rotation.
Figure 7.4: r (a) and z (b) position of the particle for a force with rotation.
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When the curvature of the lines with constant radial force is introduced, by
giving β a value of 103, the particles can pick up enough power during one round
trip to compensate the losses due to friction (we took αf=10 in this case) and keep
rotating, because ∇ × F = 0. This resembles the actual situation depicted in
figure 1b. We have followed the 3600 particles in time, starting with the static
distribution of the rotation free case. An example of the motion of a particle is
shown in figures 7.3, 7.4a, and 7.4b. All particles rotate clockwise in the upper
half of the reactor and counterclockwise in the lower half, in agreement with the
sign of∇ × F . The motion is chaotic due to short range interactions with other
particles, that also cause the jumping up and down.
Figure 7.5: Projection of the position of 20 particles on the r-z plane for a force with rotation,
showing the two emerging vortices.
Figure 7.5 shows the trajectories of twenty particles during the last two sec-
onds of the simulation. The vortex structure is clearly visible. Note that the up
down asymmetry is only due to the selection of the particles for which the data
are plotted.
These results are similar to what we found in our previous 2D simulations.
The axial and radial component of the force exerted by the discharge on the dust
particles are shaped by the charge distribution and the potential distribution (elec-
tric force), the positive ion flux (ion drag) and the profile of the gas temperature
(thermophoretic force) in such a way that∇×F = 0. Due to that no equilibrium
exists in which the total force, including the inter particle forces, vanishes for all
particles. The particles can keep rotating in a vortex-like configuration where the
energy loss due to friction with the background gas is compensated by energy gain
from the force exerted by the discharge. Since curvature is important in generat-
ing a force vector field with rotation, it is plausible that the generation of vortices
is favorably triggered by the presence of sharp edges, such as probe tips [9].
Measuring the particle trajectories and comparing them with those obtained
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from model forces opens a possibility to unravel the forces inside a dust cloud.
This is not restricted to microgravity conditions, but would also apply to experi-
ments where gravity plays a dominant role.
7.4 Conclusions
The behavior of particles in a dusty discharge under microgravity conditions can
be analyzed by a molecular dynamics simulation of electrostatically interacting
particles in a radially and axially harmonic force. Making the force vector field not
rotation free results in the generation of vortex like structures, similar to those ob-
served in experiments. The simulations show that the cloud of particles becomes a
dissipative nonlinear system, driven by the applied (harmonic) force and showing
chaotic behavior due to the short range particle-particle interaction. Comparing
actual trajectories with those obtained from a simulation for a model force (not
necessarily harmonic) opens a way to analyze the forces acting on particles in a
dust cloud.
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8. Modelling of Two Different Size Dust
Species in Plasmas under Microgravity
Abstract. A self-consistent two dimensional hydrody-
namic model for a dusty argon plasma has been developed
to model more than one dust species. Results for situations
where dust particles with two different diameter have been
included are presented. The final steady state solution is
achieved after three injection steps of the dust particles.
At every injection phase dust particles of only one size
are let in and the simulation is continued until the steady
state solution is achieved. Results show that the differently
sized dust particles form crystals at different positions.
These dust clouds have an influence on each other by
means of positive space charge layers created due to the
argon ions which can not match the steep dust crystal
boundaries. The screened Coulomb interaction between
the two differently sized dust species is neglected. The
electric potential, ion density, electron density and electron
energy show significant changes after each injection phase,
even at an amount of dust that is small compared to that
studied during the microgravity experiments.
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8.1 Introduction
Dusty plasma experiments performed under microgravity conditions have shown
interesting phenomena like voids surrounded by crystalline regions and rotating
dust clouds which usually appear outside the crystalline regions. In their PKE
(Plasmakristall-Experiment) chamber (Fig. 8.1) Morfill et al [1, 2] usually in-
jected uniform size dust particles under microgravity. In an earlier paper [3],
we used our dust-argon hydrodynamic model to study these plasma crystal ex-
periments. Our modelling results showed good agreement with the experimental
results. This offers a sound basis to use our model as a predictive tool.
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Figure 8.1: Schematic diagram of the PKE reactor.
Theoretical and numerical studies up to now have basically followed dust par-
ticles in the electric field and particle fluxes of an undisturbed discharge. An
important aspect not covered is the influence of the dust particles on the discharge
due to recombination on their surface [4, 5]. In discharges containing a consid-
erable amount of dust, like in the PKE experiments, this approximation is not
correct. For this a fully self-consistent model is needed. We have developed such
a model for a dust containing radio frequency (RF) discharge in argon and used
it to investigate the behavior of dust particles. The model contains a dust-argon
fluid part which has been described in a previous article [3]. We have extended the
single dust fluid model to a multi-dust fluid and studied the behavior of plasmas
containing dust particles of different sizes. Our model accounts for the influence
of the different dust fluids on the plasma and for their transport as fluids. This
makes it a sophisticated tool for studying dusty discharges which contain dust
particles of different sizes. In this paper we describe the multi-dust fluid model
and present the results obtained from it.
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8.2 Dusty plasma fluid model
In the fluid part of our two-dimensional model the particle balances, the electron
energy balance and the Poisson equation are solved, including the transport of the
dust fluids. Further details about the algorithms and the set of equations solved
in the argon fluid part can be found in [6]. Drift-diffusion expressions are used
for the fluxes and in the electron energy balance only Joule heating and energy in
inelastic collisions are taken into account. Problems related to the huge difference
in the timescale of the dust motion (1-10 s) and the RF period (70 ns) have been
solved by a time-splitting technique and an iterative procedure. The charge on a
dust particle is calculated from the Orbital-Motion-Limited (OML) probe theory.
The (constant) charge on the dust particle is obtained from the balance of the local
(OML) electron and ion currents collected by the particle. Recombination of ions
and electrons on the dust particle surface is also taken into account. Ion-neutral
collisions have been included to simulate a possible gas heating mechanism. For
this we have used a simple approximation by assuming that the energy taken up
from the electric field by the ions is dissipated locally in collisions with the gas[7].
The heating of the dust particle surface is also taken into account, more details
about the used expressions can be found in the following articles [8, 9]. The dust
particle (surface) temperature can affect the gas temperature which in turn could
affect the other elementary processes in the discharge. The power released by the
ions and the dust is the source in the temperature balance of the gas [9]. To obtain
expressions for the dust particle fluxes, several forces acting on the dust particle
are taken into account, e.g., the ion drag force, the neutral drag force, the electric
force and the thermophoretic force.
A dust particle in a discharge is charged up to the floating potential relative
to the surrounding plasma. This potential depends on the local ion and electron
density and energy distribution. For a spherical dust particle with a radius rd, the
OML theory [10] predicts a positive ion and electron current:
Ii = 4πr
2
deni
√
kBTi
2πmp
(
1− eVfl
kBTi
)
, (8.1)
Ie = 4πr
2
dene
√
kBTe
2πme
exp
(
eVfl
kBTe
)
. (8.2)
Here, ne is the electron density, ni the positive ion density, e the elementary
charge, kB Boltzmann’s constant, Ti the positive ion temperature , Te the elec-
tron temperature, mi the ion mass, me the electron mass, and Vfl the floating
potential. All species are assumed to have a Maxwellian energy distribution.
When the ions enter the plasma sheaths near the electrodes, they get a directed
velocity vi due to the electric field. Therefore, we have replaced kBTi in the
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expression for the ion current by the mean energy Ei, which is:
Ei =
4kBTgas
π
+
1
2
miv
2
i . (8.3)
Equation 8.3 is obtained by using the mean speed expression of Barnes et al [11]
given by:
vs =
(
8kBTgas
πmi
+ v2i
)2
. (8.4)
By calculating 1
2
miv
2
s , equation 8.3 is obtained. The directed velocity vi is calcu-
lated by solving the drift-diffusion equation for the ions.
In the model the charge Qd = 4π0rdVfl on the dust is calculated by equating
these currents.
The floating potential of the dust is assumed to be constant during an RF cycle.
This assumption is justified by the fact that the currents toward the dust surface
are too small to change the charge significantly during an RF cycle.
When a dust particle becomes negatively charged, it will attract positive ions,
these will recombine with an electron that has to be replaced again by an electron
from the discharge to maintain the floating potential. As a result the equilibrium
fluxes of positive ions and electrons arriving at the dust surface will recombine
and the released energy is used to heat up the dust particle surface [8, 9]. The
electron flux (Eq.8.2) results in a recombination rate:
R = 4πr2dndne
√
kBTe
2πme
exp
(
eVfl
kBTe
)
(8.5)
In a plasma dust particles undergo a wide variety of forces. Assuming that a
dust particle is a perfect sphere the gravitational force can be written as:
FG =
4
3
πr3dρdg, (8.6)
where rd is the dust particle radius, ρd is the mass density and g is the gravita-
tional acceleration. For the often used melamine-formaldehyde dust particle ρd is
approximately 1.51 · 103 kg/m3.
When a dust particle gains a certain velocity relative to the neutral gas, it will
experience a drag force due to momentum transfer from/to the gas. This neutral
drag force has been discussed in detail by Graves et al [12]. It can be approximated
by the following equation:
FND = −4
3
πr2dnnvdvthmn, (8.7)
where nn is the density of the neutral with mass mn, vd the drift velocity of the
dust particle and vth the average thermal velocity of the gas.
110 Chapter 8. Modelling of Two Different Size Dust Species in Plasmas.....
Because advection of the neutral gas is not included in the model, this force
will only be present as a damping force on the velocity of the dust particles. The
assumption is made, that this damping force will be in equilibrium with the sum
of all the other forces acting on the dust particle.
Another force caused by momentum transfer is the ion drag. This force results
from the positive ion current that is driven by the electric field. It consists of two
components. The collection force represents the momentum transfer of all the
ions that are collected by the dust particle and is given by:
F cI = πb
2
cnivsmivi, (8.8)
where vs the mean speed of the ions, vi the ion drift velocity and bc the collection
impact parameter.
The second component is the orbit force given by:
F oI = 4πb
2
π/2Γnivsmivi, (8.9)
with bπ/2 the impact parameter that corresponds to a deflection angle π/2 and Γ
the Coulomb logarithm.
Γ =
1
2
ln
(
λ2L + b
2
π/2
b2c + b
2
π/2
)
, (8.10)
λL = ((1/λe)
2+(1/λi)
2)−1/2 is the linearized Debye length, which is a combina-
tion of the electron Debye length, λe, and the ion Debye length, λi. The ion drag
is discussed in more detail by Barnes et al [11].
Due to their charge, dust particles will experience an electric force. Daugherty
et al [13] derived the following expression:
F E = QdE
(
1 +
κrd
3(1 + κrd)
)
︸ ︷︷ ︸
≈1
, (8.11)
where Qd is the charge on the dust particle, E is the electric field and κ = 1/λL.
In a discharge the dust particle radius is much smaller than the linearized Debye
length, therefore the term between the bracket is approximately 1 and the electric
force is given by:
F E = QdE. (8.12)
This expression holds for situations where the dust particles are not shielded from
the plasma by positive ions trapped in orbitals around the dust particle [14]. In
that case the particle will behave as some kind of dipole.
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When a temperature gradient is present in a discharge, for instance due to
cooling or heating of the electrodes a third force driven by momentum transfer
will occur. This force is called the thermophoretic force. Atoms impinging from
the hot side have more momentum than their companions of the cold side, this can
result in a force pointing in the direction −∇Tgas.
For large Knudsen numbers Talbot et al [15] derived the following expression:
F T = −32
15
r2d
vth
(
1 +
5π
32
(1− α)
)
κT∇Tgas, (8.13)
vth = [8kBTgas/(πm)]
1/2 is the average thermal velocity of the gas. κT is the
translation part of the thermal conductivity. α, the thermal accommodation coef-
ficient of the gas is taken equal to 1.
For a stationary solution the five forces calculated in our model, the neutral
drag, the electric force, gravitational force, thermophoretic force and the ion drag,
are in equilibrium. With the introduction of a momentum loss frequency and a
mobility and diffusion coefficient for the dust particles given by:
νmd =
√
2
ptot
kBTgas
πr2d
√
8kBTgas
πmd
, (8.14)
where ptot is the static pressure and md the dust particle’s mass.
µd =
Qd
mdνmd
, (8.15)
Dd = µd
kBTgas
Qd
, (8.16)
it is possible to define a ”drift-diffusion” expression for the flux
Γd = −µdndEeff −Dd∇nd − nd
νmd
g
+
ndmivs
mdνmd
(
4πb2π/2Γ + πb
2
c
)
Γi (8.17)
− 32
15
ndr
2
d
mdνmdvth
κT∇Tgas,
of the dust particles and treat them with the same numerical procedures as the
other charged particles in the fluid model, hence that in this case we neglect the
inertia of the dust particles.
Because of the low mobility of the dust particles the effective field Eeffcan be
approximated by the time averaged rf-field. With the use of the Einstein relation,
the diffusion can be defined as a function of the mobility (Eq. 8.16).
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The drift velocity and the diffusion coefficient of the dust fluids are much
smaller than those of the ions and electrons. Therefore it would rather take a lot of
computational effort to achieve a steady state solution for the dust when it is fol-
lowed during an RF cycle. We therefore have developed a method to speed up the
convergence toward the steady state solution by introducing a different calculation
cycle with a different time step for the dust. Our model thus consists of two cal-
culation cycles. In the first one, the transport equations of the ions, electrons and
the Poisson equation are solved during an RF cycle, during the RF cycle the dust
does not move. After a number of RF cycles, the transport equation of the dust
is solved with a greater time step, using the time averaged electric field, electron
and positive ion fluxes. During the second calculation, space charge regions are
created, because the electron and positive ion densities are kept constant. These
space charge regions will give instabilities in the Poisson equation. To solve this
problem, we correct the artificial space charge by adapting the positive ion density
distributions prior to the next series of RF cycles. With this method the required
speed-up is established. Both for the plasma species and for the dust fluids the
transport equations are solved using the Sharfetter-Gummel exponential scheme
[6].
The internal pressure of the crystal due to the inter-particle interaction has
been included by means of a density dependence of the diffusion coefficient for
the dust. The diffusion coefficient of the dust is increased by a factor exp(Nd/Nc)
where the reference density Nc is chosen such that the dust density saturates at a
value Ncrys. This models the incompressibility of the crystal. Actually, the (yet
unknown) equation of state of the dust crystal should be used to account for the
internal pressure. Since we were not primarily interested in the precise structure of
the crystalline regions, we have chosen for the simple and computationally robust
exponential increase of Dd. Plasma crystal experiments [1] have shown an inter-
particle distance of about 300 µm for a dust particle with diameter of 15 µm. This
results in an average ”crystal” density Ncrys of 3.7·1010 m−3. For the smaller dust
particle we used a reference density that is a factor 200 higher than for the bigger
dust particles.
8.3 Results and discussion
We have modelled the PKE chamber used by Morfill et al [1]. The reactor is cylin-
drically symmetric. The simulation starts with zero dust density profiles. During
the simulation the dust is injected from both electrodes by adding source terms in
the dust particle balances for the first grid points below/above the electrodes, the
injection rate is about 750.000 particles per second. Both electrodes are driven by
a radio-frequency power source at a frequency of 13.56 MHz. The peak-to-peak
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(a) (b)
(c)
Figure 8.2: (a) Dust density profile after injection step ONE, normalized with a factor of
1.49 · 1010 in m−3.
(b) Dust density profiles after injection step TWO , normalized with a factor of
9.70 · 1010 in m−3 for the 2 µm sized dust particles and 1.29 · 1010 in m−3 for
the 15 µm sized dust particles .
(c) Dust density profiles after injection step THREE, normalized with a factor of
1.44 · 1011 in m−3 for the 2 µm sized dust particles and 1.12 · 1010 in m−3 for the 15
µm sized dust particles.
The thick contours represent the dust density profile of the 15 µm sized dust parti-
cles and the thin contours represent the dust density profile of the 2 µm sized dust
particles.
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voltage is 70 volts, this results in a power dissipation of about 0.04 W. The pres-
sure is 40 Pa. The equation of motion for the dust fluids (Eq. 8.17) is solved for
the time-averaged electric field, plasma densities and fluxes.
First the simulation is started for a dust-free discharge and is run until it
reaches steady state. After that, the total amount of dust is injected in three steps.
These steps are as follows: In step ONE, the injection of dust particles that have a
diameter of 15 µm is started until an amount of 350.000 particles is reached, after
that the simulation is run to achieve a steady state solution. In step TWO, 350.000
dust particles of 2 µm diameter are injected to the above steady state solution.
This gives a mixture of small and big dust particles [16, 17]. This simulation is
also run to the steady state. Eventually, in step THREE, again 350.000 dust par-
ticles of 2 µm are injected. This results in a total amount of 1.05 million dust
particles, after that the sources are switched off and the simulation is continued
until it reaches the final steady state.
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Figure 8.3: (a) Dust density profile and the net space charge profile after injection step ONE at
the axial symmetry axis. The thick curve represents the space charge, normalized
with a factor of 3.72 · 1013 in elementary charges m−3. The dotted curve represents
the dust density profile of the 15 µm sized dust particles, normalized with a factor of
2.35 · 109 in m−3. The gray solid curve represents the net space charge for a dust-
free discharge at the axial symmetry axis, normalized with a factor of 1.84 · 1013 in
elementary charges m−3.
(b) Dust density profiles and the net space charge profile after injection step THREE at
the axial symmetry axis. The thick curve represents the net space charge, normalized
with a factor of 2.46 · 1013 in elementary charges m−3. Dashed curve represents
the dust density profile of the 2 µm sized dust particles, normalized with a factor of
1.44 · 1011 in m−3. The dotted curve represents the dust density profile of the 15 µm
sized dust particles, normalized with a factor of 1.04 · 1010 in m−3.
Figures 8.2a, 8.2b and 8.2c show the dust densities of both dust species (big
and small) after each injection step. After injection step ONE, the larger dust
particles arrange themselves in a crystal around a central void [1]. The crystal is
8.3. Results and discussion 115
formed due to the balance of forces acting on the dust particles. When the smaller
dust particles are injected in step TWO, the crystal consisting of the 15 µm dust
particles moves radially outwards towards the reactor wall. Also the crystalline
regions between the electrodes become narrower due to an increase of the ion drag
force and electric force acting on the bigger dust particles. The smaller dust par-
ticles are pushing the bigger particles to move radially towards the reactor wall.
After step THREE, this effect becomes more obvious. The shape of the crystal
of the bigger particles seems to be dictated by the smaller dust particles cloud
and the dust crystal is pushed more in the radial direction towards the wall. This
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Figure 8.4: Ion drag force, electric force and ion density profiles after injection step ONE and
THREE at the axial symmetry axis. Black solid curve represents the ion drag force
acting on the 15 µm dust particles after step ONE, normalized with a factor of 8.07 ·
10−12 in N . The gray solid curve represent the ion drag force acting on the 15 µm
dust particles after step THREE, normalized with a factor of 8.73 · 10−12 in N . The
black dotted curve represents the electric force acting on the 15 µm dust particles
after step ONE, normalized with a factor of 5.99 · 10−12 in N . The gray dotted curve
represent the electric force acting on the 15 µm dust particles after step THREE,
normalized with a factor of 5.61 · 10−12 in N . The black dashed curve represents the
ion density after step ONE, normalized with a factor 2.89 · 1015 in m−3. The gray
dashed profile represent the ion density after step THREE, normalized with a factor
of 3.50 · 1015 in m−3.
movement can be explained by the presence of the smaller dust particles and the
space charge layers which are formed by the presence of the dust crystals. Fig-
ures 8.3a and 8.3b show the space charge and dust density profiles along the axial
symmetry axis (z=0.027 m). It can be seen from figure 8.3b that between the two
dust density peaks, a space charge layer is created. The line integrated number
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of dust particles of the 2 µm size along the axial symmetry axis is about a factor
40 larger than for the 15 µm size particles. The difference in the charge on the
dust particles (Fig. 8.5a and Fig. 8.5b) however is approximately a factor of 6.
To maintain quasi-neutrality the charge of the 2 µm dust particles must be com-
pensated by at least a factor of 6 more ions. The increase in ion density is shown
in figure 8.4 (Note the different scaling.). The space charge layer accelerates the
ions towards the crystal of the bigger particles, this fact and the increase in ion
density enhances the ion drag force acting on the larger dust particles by about
10 percent (Fig. 8.4). This enhancement of the ion drag force and a decrease in
electric force (Fig. 8.4) acting on the crystal of bigger particles results in moving
the dust crystal radially towards the reactor wall.
(a) (b)
Figure 8.5: (a) Number of electrons on a dust particle with diameter of 2 µm after injection step
THREE.
(b) Number of electrons on a dust particle with diameter of 15 µm after injection step
THREE.
Figures 8.6a, 8.6b and 8.6c show the time-averaged potential distribution V(r,z)
for three different situations. In the three cases the potential has its maximum in
the bulk of the plasma between the electrodes. Comparing the potential distribu-
tions, a significant change in the plasma potential can be observed. The plasma
potential decreases in the center of the discharge after injection step ONE (Fig.
8.6b). Also a decrease of the axial electric field can be observed. After step
THREE, the electric potential increases and its maximum becomes almost equal
to that for the dust-free situation. From figures 8.6b and 8.6c, it can be seen that
the radial electric field has increased after step THREE. This shows that both the
dust fluids have their influence on the plasma potential.
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Figure 8.6: (a) Time-averaged electric potential in volts in dust-free discharge .
(b) Time-averaged electric potential after in volts injection step ONE.
(c) Time-averaged electric potential in volts after injection step THREE.
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(a) (b)
Figure 8.7: (a) Time-averaged electron density after injection step ONE, normalized with a factor
of 2.89 · 1015 in m−3.
(b) Time-averaged electron density after injection step THREE, normalized with a
factor of 3.50 · 1015 in m−3.
(a) (b)
Figure 8.8: (a) Time-averaged ion density after injection step ONE, normalized with a factor of
2.89 · 1015 in m−3.
(b) Time-averaged ion density after injection step THREE, normalized with a factor
of 3.50 · 1015 in m−3.
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The influence of the dust fluids on the plasma parameters can also be observed
from figures 8.7a and 8.7b. These figures show the time-averaged electron den-
sity profiles after injection step ONE and THREE. After step ONE the electron
density decreases. The plasma is confined into the void formed by the larger dust
particles (Fig. 8.2a). This drop in electron density is caused by the charging of the
(a) (b)
Figure 8.9: (a) Time-averaged positive space charge after injection step THREE, normalized with
a factor of 2.12 · 1014 in elementary charges m−3.
(b) Time-averaged negative space charge after injection step THREE, normalized
with a factor of 2.09 · 1013 in elementary charges m−3.
dust particles and recombination of ions and electrons on the dust surface. After
step THREE the electron density increases, which seems quite strange because
the amount of dust has increased. The explanation for this phenomenon can be
found from figure 8.2b. After injection step THREE the dust crystal formed by
the 15 µm particles is pushed radially towards the reactor wall, as a result the dust
crystal between the electrodes becomes thinner and moves to a position where
there is less plasma. This results in less recombination of ions and electrons on
the dust particle surfaces. The same effect is observed for the ion density, after
step THREE (Fig. 8.8b) the ion density shows a significant increase compared to
the ion density after step ONE (Fig. 8.8a). The ion density profiles have peculiar
shapes. After injection step ONE the ions around the midplane in between the
electrodes are pushed towards the center. After step THREE (Fig. 8.8b) the op-
posite effect can be observed. These outer contour lines in the ion density profiles
can be explained by examining figures 8.2, 8.3 and 8.9 . These figures show the
space charge regions in the plasma and the dust density profiles. After injection
step ONE, a dust crystal is formed by the bigger particles. To maintain quasi-
neutrality the ions tend to compensate the charge carried by the dust particles this
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results in an ion density profile which has the peculiar shape as in figure 8.8a. The
steep boundaries of the dust crystal give rise to creation of space charge layers
[9] (Fig. 8.9). After injection step THREE, the space charge layer appears (Fig.
8.3b). This space charge layer accelerates the ions in the direction of the reactor
wall. This acceleration can be observed in the outer contour line of figure 8.8b.
(a) (b)
Figure 8.10: (a) Time-averaged electron energy in eV after injection step ONE.
(b) Time-averaged electron energy in eV after injection step THREE.
Figures 8.10a and 8.10b show the time-averaged electron energy. A Compar-
ison of the figures shows that the electron energy after injection step THREE has
decreased. This effect can be explained by an combination of the increase of the
electron density (Fig. 8.7a and fig. 8.7b) after injection step THREE and the con-
straint of constant applied driving voltage, more electrons means less energy per
electron. Therefore the time-averaged electron energy decreases.
8.4 Conclusions
The numerical simulation results show that self-consistent modelling of the plasma
parameters in a dusty argon discharge is important. We have shown that injection
of dust particles with two different diameter results in the formation of dust clouds
at different positions, with the cloud of smaller dust particles inside the central
void of the crystal of the bigger particles. Neglecting the screened Coulomb force
between two dust clouds, these clouds can still interact with each other through
the formation of space charge layers, which are formed by the steep boundaries of
the dust crystals.
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9. Modelling of Dust Voids in Electronega-
tive Discharges under Microgravity
Abstract.Traces of molecular gases, like oxygen influence
the size of the void observed microgravity experiments car-
ried out at the International Space Station. These molecu-
lar gases produce negative ions via (dissociative) attach-
ment. A considerable amount of negative ions changes the
plasma properties, especially the potential distribution, and
therefore the forces acting on a dust particle. We have in-
vestigated these phenomena by means of a 2D fluid model
in which all the plasma parameters are calculated self-
consistently. In this model we have included the possi-
bility that negative ions are formed. By changing the at-
tachment rate, we can control the electronegativity of the
gas. Heating of the dust particle material by the recombin-
ing ions and electrons and subsequent heating of the gas is
taken into account, as well as the heating of the background
gas by ion-neutral collisions. As in electropositive dis-
charges the resulting thermophoretic force, however, can
be neglected at low peak-to-peak voltages compared to the
other forces. Results from the fluid model show that in-
deed the presence of negative ions influences the evolution
of the void and its final size. We will show how the rele-
vant forces change with variation of the applied voltage in
electropositive and electronegative discharges.
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9.1 Introduction
Plasma crystal experiments performed under microgravity conditions have shown
that dust particles usually arrange in a crystal like structure surrounding a stable
void [1, 2]. The experiments are usually carried out in electropositive noble gasses
as argon and krypton at static pressures around 40 Pa. Up till now the effects of
electronegative gasses like oxygen, have not been studied in these experiments
due to safety precautions on the International Space Station (ISS). We have de-
veloped a 2D argon-dust fluid model, which we have used previously to explain
the appearance of the void in an argon discharge [3]. In this model we can also
include the effect of attachment, producing negative ions, thus simulating a dust
containing radio frequency (RF) discharge in the presence of an electronegative
gas. The model contains a dust fluid part which has been described in [4]. It ac-
counts for the presence of a large amount of dust, changing the plasma parameters.
We have extended the model with an equation of state that has been described in
[5], leading to a more sophisticated description of the crystalline regions. In this
paper we describe the effect of negative ion formation on a discharge contain-
ing a significant amount of dust, by comparing the results for electropositive and
electronegative discharges at different RF voltages.
9.2 Description of the model
9.2.1 Fluid model for the plasma species
To model the effect of an electronegative gas on a discharge containing a consid-
erable amount of dust, we have used an extension of a previously described two-
dimensional model [6], of which only the most important aspects will be sum-
marized here. It consists of particle balance equations for the different species
(electrons, ions and meta-stables) and an energy balance equation for the elec-
trons. Ion-neutral collisions have been included to simulate a possible gas heating
mechanism. For this we have used a simple approximation by assuming that the
energy taken up from the electric field by the ions is dissipated locally in colli-
sions with the gas [7]. This gas heating mechanism has been refined by taking the
heating of the dust particle surface into account [4, 8]. The formation of negative
ions is included to model the effect of negative ions on the formation of the void in
a RF discharge. A discharge has been simulated in which an electronegative gas
has been mimicked by adding attachment as a new process. Only the following
reactions are considered:
A+ e→ A+ + 2e,
A+ e→ A−,
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A− +A→ A+A+ e,
A− +A+ → A+A,
for the first process, ionization, the rate is calculated as a function of average elec-
tron energy by solving the two-term Boltzmann equation for the electron energy
distribution for an argon plasma. For the second process, attachment by electrons,
we have taken the attachment coefficient for a pure CF4-plasma as given by the
following expression [9]:
katt() =
{
0, if  < 5.3;
2.0 · 10−17 · (− 5.3)/(0.033 + − 5.3), if  ≥ 5.3. (9.1)
So the attachment coefficient has a threshold energy of 5.3 eV and above this
threshold it attains in a few tenths of eV a plateau value of 2.0 · 10−17m3s−1. The
third reaction is detachment of the negative ions, for this we have taken a rate co-
efficient of 1.0 ·10−18m3s−1. The last reaction takes the recombination of positive
and negative ions into account. We have chosen a recombination coefficient of
5.0 · 10−13m3s−1. Changing the above mentioned coefficients offers a way to get
more or less positive or negative ions in the discharge simulation. This mimics the
the degree of electronegativity of the gas.
In the model the density balance for each species j is:
dnj
dt
+∇ · Γj = Sj, (9.2)
where nj is the particle’s density, Γj the flux of the species, and Sj the local sink
or source.
The momentum balance is replaced by the drift-diffusion approximation for
the particle fluxes,
Γj = µjnjE −Dj∇nj, (9.3)
with µj and Dj the mobility and diffusion coefficient of species j. E is the electric
field.
For ions the characteristic momentum transfer frequency is only a few mega-
hertz (MHz). To use the drift-diffusion approximation for positive and negative
ions for RF frequencies higher than a few MHz the electric field in equation 9.3 is
replaced by an effective electric field. Using this effective electric field Eeff ,
inertia effects are taken into account. An expression for the effective electric
field is obtained by neglecting the diffusive transport and inserting the expression
Γi = µiniEeff in the simplified momentum balance
dΓi
dt
=
eni
mi
E − νm,iΓi, (9.4)
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where νm,i is the momentum transfer frequency of the ions given by
νm,i =
e
µimi
. (9.5)
Here e is the elementary charge and mi the mass of the ions. The effective electric
field is then obtained by solving:
dEeff,i
dt
= νm,i (E −Eeff,i) (9.6)
The same effective field is used for the positive and negative ions. The electric
field E and potential V are calculated using the Poisson equation:
∆V = − e
0
(ni − ne − nn −Qdnd) , (9.7)
E = −∇V, (9.8)
where 0 is the permittivity of vacuum, ne the electron density, ni the positive ion
density, nn the negative ion density Qd the number of electrons on a dust particle
and nd the dust density.
The electron energy density we = ne (i.e. the product of the electron den-
sity and average electron energy ) is calculated self-consistently from the second
moment of the Boltzmann equation:
dwe
dt
+∇ · Γw = −eΓe ·E + Sw, (9.9)
with Γw the electron energy density flux:
Γw =
5
3
µeweE − 5
3
De∇we, (9.10)
and µe and De the electron mobility and electron diffusion coefficients. The term
Sw in the electron energy balance equation is the loss of electron energy due to
electron impact collisions, including excitation, ionization, attachment and recom-
bination of electrons on the dust particle’s surface. Via the surface charge on the
electrodes the plasma can be connected to an RLC circuit. Further details about
the algorithms used to solve the above mentioned equations can be found in [6].
9.2.2 Implementing dust as a fluid
Charging of dust
When a dust particle exceeds a certain size it can collect more than one electron
and be charged up to the floating potential relative to the surrounding plasma. This
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potential depends on the local ion and electron density and energy distribution.
For a spherical dust particle with a radius rd, much smaller than the linearized
Debye length, the Orbital-Motion-Limited theory (OML) [10] predicts a positive
ion and electron current, at equilibrium given by:
Ii = 4πr
2
deni
√
kBTi
2πmi
(
1− eVfl
kBTi
)
, (9.11)
Ie = 4πr
2
dene
√
kBTe
2πme
exp
(
eVfl
kBTe
)
. (9.12)
Here, ne is the electron density, ni the positive ion density, e the elementary
charge, kB Boltzmann’s constant, Ti the positive ion temperature , Te the elec-
tron temperature, mi the ion mass, me the electron mass, and Vfl the floating
potential. All species are assumed to have a Maxwellian energy distribution. The
influence of neighboring dust particles is neglected.
When the ions enter the plasma sheaths near the electrodes, they get a directed
velocity vi due to the electric field. Therefore, we have replaced kBTi in the
expression for the ion current by the mean energy Ei, which is:
Ei =
4kBTgas
π
+
1
2
miv
2
i . (9.13)
Equation 9.13 is obtained by using the mean speed expression of Barnes et al [12]
given by:
vs =
(
8kBTgas
πmi
+ v2i
)1/2
. (9.14)
By calculating 1
2
miv
2
s , equation 9.13 is obtained. The directed velocity vi is the
drift velocity of the ions.
In the model the charge Qd = 4π0rdVfl on the dust is calculated from the
equilibrium of the currents in equation 9.11 and 9.12. The current of negative
ions towards the dust particle’s surface is neglected, the negative ions do not have
enough kinetic energy to overcome the negative floating potential of the dust par-
ticle.
The floating potential of the dust is assumed to be constant during an RF cycle.
This assumption is justified by the fact that the currents towards the dust particle
surface are too small to change the charge significantly during an RF cycle.
Recombination on dust particles
When a dust particle becomes negatively charged, it will attract positive ions,
these will recombine with an electron that has to be replaced again by an electron
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from the discharge to maintain the floating potential. As a result the equilibrium
fluxes of positive ions and electrons arriving at the dust surface will recombine
and the released energy is used to heat up the dust particle surface [4, 8]. The
electron flux (Eq. 9.12) results in a recombination rate:
R = 4πr2dndne
√
kBTe
2πme
exp
(
eVfl
kBTe
)
, (9.15)
Forces acting on a dust particle
In a plasma dust particles undergo a wide variety of forces. Assuming that a dust
particle is a perfect sphere the gravitational force can be written as:
F g =
4
3
πr3dρdg, (9.16)
where rd is the dust particle radius, ρd is the mass density and g is the gravita-
tional acceleration. For the often used melamine-formaldehyde dust particle ρd is
approximately 1.51 · 103 kg/m3.
When a dust particle has a velocity relative to the neutral gas, it will experience
a drag force due to momentum transfer from/to the gas. This neutral drag force
has been discussed in detail by Graves et al [11]. It can be approximated by,
F n = −4
3
πr2dnn (vd − vn) vthmn, (9.17)
where nn is the density of the neutral with mass mn, vd the drift velocity of the
dust particle, vn the velocity of the gas and vth the average thermal velocity of the
gas. Because advection of the neutral gas is not included in the model, vn = 0,
this force will only be present as a damping force on the velocity of the dust
particles.
Another force caused by momentum transfer is the ion drag. This force re-
sults from the positive and negative ion current that is driven by the electric field.
It consists of two components. The collection force represents the momentum
transfer of all the ions that are collected by the dust particle and is given by:
F ci = πb
2
cnivsmivi, (9.18)
where vs the mean speed of the ions, vi the ion drift velocity and bc the collection
impact parameter.
The second component is the orbit force given by:
F oi =
∑
i
4πb2π/2Γnivsmivi, (9.19)
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with bπ/2 the impact parameter that corresponds to a deflection angle π/2 and Γ
the Coulomb logarithm.
Γ =
1
2
ln
(
λ2L + b
2
π/2
b2c + b
2
π/2
)
, (9.20)
λL is the linearized Debye length. The orbit force is summed for all ionic species.
For the negative ions we have neglected the collection force because their kinetic
energy is too low to overcome the negative floating potential of the dust. The
ion drag is discussed in more detail by Barnes et al [12]. Previous calculations
have shown that the ion drag should be enhanced with at least a factor 5 or the
linearized Debye length in the Coulomb logarithm (Eq. 9.20) should be replaced
by the electron Debye length, in order to generate a void [3]. We have used the
electron Debye length in the calculations presented here. Khrapak et al [13] have
studied cases where the ion drag force is underestimated by using the ion drag
expression of Barnes with the linearized Debye length in the Coulomb logarithm.
These cases are quite similar to ours. Lampe et al [14] have shown that collisions
with the background gas may enhance the collection of ions.
Due to their charge, dust particles will experience an electric force. Daugherty
et al [15] derived the following expression:
F e = QdE
(
1 +
κrd
3(1 + κrd)
)
︸ ︷︷ ︸
≈1
, (9.21)
where Qd is the charge on the dust particle, E is the electric field and κ = 1/λL.
In a discharge the dust particle radius is much smaller than the linearized Debye
length, therefore the term between the bracket is approximately 1 and the electric
force is given by:
F e = QdE. (9.22)
This expression holds for situations where the dust particles are not shielded from
the plasma by positive ions trapped in orbitals around the dust particle [14]. In
that case the particle plus ion cloud will behave as some kind of dipole.
When a temperature gradient is present in a discharge, for instance due to
cooling or heating of the electrodes a third force driven by momentum transfer
will occur. This force is called the thermophoretic force. Atoms impinging from
the hot side have more momentum than their companions of the cold side, this can
result in a force pointing in the direction −∇Tgas.
For large Knudsen numbers Talbot et al [16] derived the following expression:
F th = −32
15
r2d
vth
(
1 +
5π
32
(1− α)
)
κT∇Tgas, (9.23)
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vth = [8kBTgas/(πm)]
1/2 is the average thermal velocity of the gas. κT is the
translation part of the thermal conductivity. α, the thermal accommodation coef-
ficient of the gas is taken equal to 1.
To obtain a suitable expression for the flux of dust particles, we assume that
the neutral drag force is in equilibrium with the sum of the other forces. This as-
sumption is valid when the final steady state is approached, but should be relaxed,
for instance, when the dust is injected at a high velocity. In that case the inertia
of the dust should not be neglected. With the introduction of a momentum loss
frequency and a mobility and diffusion coefficient for the dust particles given by:
νmd =
√
2
ptot
kBTgas
πr2d
√
8kBTgas
πmd
, (9.24)
where ptot is the static pressure and md the dust particle’s mass,
µd =
Qd
mdνmd
, (9.25)
Dd = µd
kBTgas
Qd
, (9.26)
it is possible to define a ”drift-diffusion” expression for the flux of the dust parti-
cles,
Γd = −µdndEeff −Dd∇nd − nd
νmd
g
+
ndmivs
mdνmd
(
neg∑
i=pos
4πb2π/2ΓΓi +
∑
i=pos
πb2cΓi
)
(9.27)
− 32
15
ndr
2
d
mdνmdvth
κT∇Tgas,
and treat them with the same numerical procedures as the other charged particles
in the fluid model. Because of the low mobility of the dust particles the effective
field Eeff is approximated by the time averaged RF field. The diffusion originates
from the pressure gradient, kBTd∇nd. The Einstein relation couples the diffusion
and the mobility coefficients, see equation 9.26.
The internal pressure of the crystal due to the inter-particle interaction has
been included by means of an equation of state for the dust. Gozadinos et al [5]
have obtained an expression for the equation of state for a crystalline structure of
dust particles. The crystalline pressure is given by:
Pcr =
(1 + βκ)
3β
NnnΓPgexp(−βκ) (9.28)
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where Γ = Q2d/4π0∆kBTd is the coupling parameter, ∆ = n
−1/3
d is the mean
inter-particle distance, κ = ∆/λe,Pg = ndkBTd, Nnn is the number of nearest
neighbours (Nnn=8 and β=1.09 for bcc lattices, Nnn=12 and β=1.12 for fcc and
hcp lattices). We take only a fcc and hcp lattices into account in our simulations.
With the above equation the effective diffusion coefficient for the crystalline re-
gions becomes
Dd =
dPcr/dn
mdνm
(9.29)
Further details can be found in [5].
The drift velocity and the diffusion coefficient of the dust fluids are much
smaller than those of the ions and electrons. Therefore it would require a large
computational effort to achieve a steady state solution for the dust when it is fol-
lowed during an RF cycle. We therefore have developed a method to speed up the
convergence toward the steady state solution by introducing a different calculation
cycle with a different time step for the dust. Our model thus consists of two calcu-
lation cycles. In the first one, the transport equations of the ions, electrons and the
Poisson equation are solved during a number of RF cycles. During the RF cycles
the dust does not move and its charge does not change. After that, the transport
equation of the dust is solved with a greater time step, using the time averaged
electric field, and electron and positive ion fluxes. During the second calculation,
space charge regions are created, because the electron, positive and negative ion
densities do not change. These space charge regions will lead to instabilities in
the solution of Poisson equation and the electron transport. To solve this prob-
lem, we correct the artificially generated space charge by adapting the positive ion
density distributions prior to the next series of RF cycles, in which the ion and
electron density profiles adapt themselves to the new dust density profile. With
this method the required speed-up is established. Both for the plasma species and
for the dust fluids the transport equations are solved using the Sharfetter-Gummel
exponential scheme [6]. To model the reactor, we have used a grid of 24 radial
gridpoints times 48 axial gridpoints. We make use of a non-equidistant grid. The
radial spatial resolution is 0.21 cm and the axial resolution between the electrodes
is 0.09 cm. More details about the discretion scheme can be found in [6].
9.3 Results and discussion
In this section the results, obtained with the 2D dust fluid model are presented.
The PKE chamber used by Morfill et al has been modelled. The reactor is cylin-
drically symmetric. The simulation starts with a zero dust density profile. During
the simulation the dust is injected from both electrodes by adding source terms in
the dust particle balances for the first grid points below/above the electrodes. The
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injection rate is about 750.000 particles per second. Eventually a total amount of
1 million dust particles is reached, after that the sources are switched off. The
electrodes are both driven by a radio-frequency power source at a frequency of
13.56 MHz. Two peak-to-peak voltages have been chosen, 300 and 600 volts. We
have chosen these high values because simulations of electronegative discharges
at lower peak-to-peak voltages than 300 volts crashed due to the low electron den-
sity. The pressure is 40 Pa. The dust particles have a diameter of 13.6 µm. Com-
parisons of the plasma parameters are made for electropositive and electronegative
discharges.
(a) (b)
(c)
Figure 9.1: Dust densities in m−3 in different discharges and peak-to-peak voltages.
(a) Dust density in an electropositive discharge at 300 volts peak-to-peak, normalized
with a factor 5.2 · 1010.
(b) Dust density in an electronegative discharge at 300 volts peak-to-peak, normalized
with a factor 3.1 · 1010.
(c) Dust density in an electronegative discharge at 600 volts peak-to-peak, normalized
with a factor 1.2 · 1011.
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Figures 9.1a-c show the steady state dust density profiles in different dis-
charges varying the peak-to-peak voltage. In all cases a void (dust-free region)
appears during the injection of the dust particles surrounded by a crystalline re-
gion as seen in the experiments [1]. After the injection of dust particles is stopped
the dust particles move toward the reactor wall due to mainly the ion drag force
and the thermophoretic force acting in the radial direction (Fig. 9.2). The forces
exerted on the dust particles in the axial direction (Fig. 9.3) in combination with
the equation of state speed up the movement of the dust particles toward the reac-
tor wall. Figures 9.2a and 9.2b show that the thermophoretic force becomes more
significant at higher peak-to-peak voltages. In the center of the discharge a dust-
free region is formed. In figure 9.1b even the remains of the void are still visible.
(a) (b)
Figure 9.2: Forces acting on the dust particle at different peak-to-peak voltages in radial direction
at z=0.021 m.
(a) For a dust-free electronegative discharge at 300 volts peak-to-peak.
(b) For a dust-free electronegative discharge at 600 volts peak-to-peak.
The solid line represents the ion drag force, the dotted line the electric force, the
dashed line the thermophoretic force.
Figures 9.4 and 9.5 show the time-averaged potential distribution V(r,z) in the
dust-free and the dusty discharges with and without negative ions. In all cases
the potential has its maximum in the bulk of the plasma between the electrodes.
Comparing the potential distributions, a significant change in the plasma potential
can be observed. The slope of the plasma potential in the radial direction for the
dusty discharges has increased compared with the dust-free cases. This results in
a stronger radial electric field. This effect results from taking into account both the
contribution of the charge on the dust (Fig. 9.6) in the Poisson equation and the
recombination on the dust particle surface. The non-uniform charge distribution
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(a) (b)
Figure 9.3: Forces acting on the dust particle at different peak-to-peak voltages in axial direction
at r=0.
(a) For a dust-free electronegative discharge at 300 volts peak-to-peak.
(b) For a dust-free electronegative discharge at 600 volts peak-to-peak.
The solid line represents the ion drag force, the dotted line the electric force, the
dashed line the thermophoretic force.
(a) (b)
Figure 9.4: Time-averaged electric potentials in volts in different dust-free discharges.
(a) In an electropositive discharge at 300 volts peak-to-peak.
(b) In an electronegative discharge at 300 volts peak-to-peak.
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(a) (b)
Figure 9.5: Time-averaged electric potentials in volts in different dusty discharges.
(a) In an electropositive discharge at 300 volts peak-to-peak.
(b) In an electronegative discharge at 300 volts peak-to-peak.
is the result of the spatial distribution of the ions, electrons and electron energy.
The enhanced ion density in the dust cloud reduces the dust charge.
Comparing figures 9.7a and 9.7b, shows a lower electron density for an elec-
tronegative discharge due to the formation of negative ions. Another effect that
can also be observed is the weaker radial electric field in the electronegative dis-
charge resulting in a radially broader electron density profile. After the injection
of dust particles, the radial electric field becomes stronger, resulting in a more
confined electron density profiles (Fig. 9.8). Due to a higher electron tempera-
ture in the case of an dusty electropositive discharge the ionization rate increases
resulting in slightly more electrons in the center (Fig. 9.9a). For an dusty elec-
tronegative discharge the electron density (Fig. 9.9b) shows even a small decrease
due to a lower electron temperature in the center of the discharge. Comparing
the negative ion density profiles (Fig. 9.10a and 9.10b) shows an increase of the
negative ions density in the center of a dusty discharge due to a steeper elec-
tric potential profile (Fig. 9.5b). Due to a lower electron density in an dust-free
electronegative discharge, the electrons can gain more energy from the larger os-
cillating electric field, this gives rise to a higher electron temperature compared to
a dust-free electropositive discharge (Fig. 9.11a and 9.11b).
Comparing the positive ion density profiles for dust-free discharges with and
without the formation of negative ions (Fig. 9.12a and 9.12b), shows a significant
increase of the positive ion density in an electronegative discharge, this is due to
the formation of negative ions which have to be compensated by the positive ions
to maintain quasi-neutrality in the bulk of the plasma. For the dusty discharges
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(a) (b)
Figure 9.6: Number of electrons on a dust particle in different dusty discharges.
(a) In an electropositive discharge at 300 volts peak-to-peak.
(b) In an electronegative discharge at 300 peak-to-peak.
(a) (b)
Figure 9.7: Time-averaged electron densities in m−3 in different dust-free discharges.
(a) In an electropositive discharge at 300 volts peak-to-peak, normalized with a factor
1.7 · 1016.
(b) In an electronegative discharge at 300 volts peak-to-peak, normalized with a
factor 0.9 · 1016.
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(a) (b)
Figure 9.8: Time-averaged electron densities in m−3 in different dusty discharges.
(a) In an electropositive discharge at 300 volts peak-to-peak, normalized with a factor
1.9 · 1016.
(b) In an electronegative discharge at 300 volts peak-to-peak, normalized with a
factor 0.8 · 1016.
(a) (b)
Figure 9.9: Time-averaged electron temperature in K in different dusty discharges.
(a) In an electropositive discharge at 300 volts peak-to-peak.
(b) In an electronegative discharge at 300 volts peak-to-peak.
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(a) (b)
Figure 9.10: Time-averaged negative ion densities in m−3 in different discharges.
(a) In a dust-free electronegative discharge at 300 volts peak-to-peak, normalized
with a factor 1.8 · 1016.
(b) In a dusty electronegative discharge at 300 volts peak-to-peak, normalized with a
factor 2.0 · 1016.
(a) (b)
Figure 9.11: Time-averaged electron temperature in K in different dust-free discharges.
(a) In an electropositive discharge at 300 volts peak-to-peak.
(b) In an electronegative discharge at 300 volts peak-to-peak.
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the positive ions (Fig. 9.12a and 9.12b) are more confined due to a stronger con-
finement of the electrons and negative ions. In the center of the dusty discharges
also slight increase of the positive ion density (Fig. 9.13a and 9.13b) can be ob-
served. For the dusty electropositive discharge this effect can be attributed to a
higher electron temperature (Fig. 9.11a and 9.9a) resulting in an larger ionization
rate. For an electronegative plasma the increase is due to a better confinement of
the negative ions (quasi-neutrality).
(a) (b)
Figure 9.12: Time-averaged ion densities in m−3 in different dusty-free discharges.
(a) In an electropositive discharge at 300 volts peak-to-peak, normalized with a factor
1.7 · 1016.
(b) In an electronegative discharge at 300 volts peak-to-peak, normalized with a
factor 2.7 · 1016.
Figures 9.14a and 9.15a show the gas temperature for an electropositive and
electronegative dusty discharge. The gas temperature profiles in the dusty plasmas
have two maxima of 290 K in the sheaths, which is about 17 K higher than the
reactor wall temperature that is kept at 273 K. No significant differences can be
observed between the two gas temperature profiles. In figures 9.14a and 9.15a the
dust particle (surface) temperature is shown for an electropositive and electroneg-
ative dusty discharge, it can be observed that a dust particle would get a maximum
temperature in the center of the plasma if it would settle there. This is due to the
maximum in the ion and electron density in the middle of the discharge, giving
a maximum recombination energy flux towards the dust particles surface. Note
that the difference between the gas and dust particle surface temperature would be
about 72 K if the particle is at the center of the discharge.
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(a) (b)
Figure 9.13: Time-averaged ion densities in m−3 in different dusty discharges.
(a) In an electropositive discharge at 300 volts peak-to-peak, normalized with a factor
1.9 · 1016.
(b) In an electronegative discharge at 300 volts peak-to-peak, normalized with a
factor 2.8 · 1016.
(a) (b)
Figure 9.14: Gas (a) and dust particle material temperature (b) in a dusty electropositive discharge
in K at 300 volts peak-to-peak.
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(a) (b)
Figure 9.15: Gas (a) and dust particle material temperature (b) in a dusty electronegative discharge
in K at 300 volts peak-to-peak.
9.4 Conclusions
Modelling results have shown significant differences in plasma parameters, like
the electron densities and ion densities, between electropositive and electronega-
tive dusty discharges. This results in different steady state solutions for the dust
density profile. The positive ion density at the center of a dust-free discharge
becomes 50% higher in an electronegative discharge compared to an electropos-
itive discharge at the same pressure and peak-to-peak voltage. This significant
increase in positive ion density can be attributed to the formation of negative ions
and maintaining quasi-neutrality in the bulk of the plasma. The electron density
decreases with a factor 2 for the electronegative case. Introducing dust particles
at the chosen peak-to peak voltages results for both discharges in the formation of
a dust cloud close to the reactor wall. At these positions the influence of this dust
cloud on the plasma parameters is very small due to the negligible recombination
on the dust particle surface. The results indicate a smaller void in an electroneg-
ative discharge than in an electropositive discharge. This can be attributed to the
fact that the electric potential in an electronegative discharge is somewhat lower
and flatter at the center. The thermophoretic force becomes more significant at
higher peak-to-peak voltages.
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Summary
Nowadays plasmas are used for various applications such as the fabrication of
silicon solar cells, integrated circuits, coatings and dental cleaning. In the case
of a processing plasma, e.g. for the fabrication of amorphous silicon solar cells,
a mixture of silane and hydrogen gas is injected in a reactor. These gases are
decomposed by making a plasma. A plasma with a low degree of ionization (typ-
ically 10−5) is usually made in a reactor containing two electrodes driven by a
radio-frequency (RF) power source in the megahertz range. Under the right cir-
cumstances the radicals, neutrals and ions can react further to produce nanometer
sized dust particles. The particles can stick to the surface and thereby contribute
to a higher deposition rate. Another possibility is that the nanometer sized par-
ticles coagulate and form larger micron sized particles. These particles obtain a
high negative charge, due to their large radius and are usually trapped in a radio-
frequency plasma. The electric field present in the discharge sheaths causes the
entrapment. Such plasmas are called dusty or complex plasmas. In this thesis nu-
merical models are presented which describe dusty plasmas in reactive and non-
reactive plasmas.
We started first with the development of a simple one-dimensional silane fluid
model where a dusty radio-frequency silane/hydrogen discharge is simulated. In
the model, discharge quantities like the fluxes, densities and electric field are cal-
culated self-consistently. A radius and an initial density profile for the spherical
dust particles are given and the charge and the density of the dust are calculated
with an iterative method. During the transport of the dust, its charge is kept con-
stant in time. The dust influences the electric field distribution through its charge
and the density of the plasma through recombination of positive ions and elec-
trons at its surface. In the model this process gives an extra production of silane
radicals, since the growth of dust is not included. Results are presented for situa-
tions in which the dust significantly changes the discharge characteristics, both by
a strong reduction of the electron density and by altering the electric field by its
charge. Simulations for dust with a radius of 2 µm show that the stationary solu-
tion of the dust density and the average electric field depend on the total amount of
the dust. The presence of dust enhances the deposition rate of amorphous silicon
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at the electrodes because of the rise in the average electron energy associated with
the decrease of the electron density and the constraint of a constant power input.
This increase of deposition rate has also been observed in experiments by others.
To study the behavior of dust in a less complicated environment, experiments
in non-reactive plasmas have been carried out by a number of research groups. In
these experiments the dust particles are injected through the electrodes in an argon
discharge. These experiments have shown very interesting phenomena. Dust par-
ticles start to interact with each other in the discharge and form two-dimensional
Coulomb clusters. These experiments often show an appearance of a void, a dust-
free region in the discharge. Similar experiments have also been carried out under
microgravity. These experiments have shown three-dimensional Coulomb clus-
ters of dust particles also with the appearance of a void. Also rotating dust clouds
(vortices) near the edges of the electrodes have been observed, that tend to rotate
as long as the plasmas is on.
To understand the behavior of the particles, we have developed a two-dimen-
sional fluid model for a dusty argon plasma in which the plasma and dust param-
eters are solved self-consistently to study the behavior of dust particles. Simu-
lations for dust with a radius of 7.5 µm show that a double space charge layer
is created around the sharp boundary of the dust crystal. The inter-particle in-
teraction is taken into account by means of an equation of state for the dust. A
central dust-free region (void) is created by the ion drag force. The contribution
of the thermophoretic force, driven by the temperature gradient induced by gas
heating from ion-neutral collisions and heating of the dust particle material by
the recombining ions and electrons, can be neglected in the quasi-neutral cen-
ter of the plasma. Inside this void a strong increase of the production of argon
meta-stables is found. This phenomenon is in agreement with experimental ob-
servations, where an enhanced light emission is seen inside the void.
The dusty argon fluid model has been supplemented with a separate dust par-
ticle tracing module to study the behavior of dust vortices. Simulation results
show that the non-conservative total force exerted by the discharge on the dust
particles is responsible for the generation of the vortices. The contribution of the
thermophoretic force driven by the gas temperature gradient plays an insignificant
role in the generation of the vortices, even when the gas heating via the dust par-
ticles is taken into account. The forces related to the electric field, including the
ion drag force, are dominant.
We have upgraded the above mentioned dusty argon fluid model plasma to
model more than one dust species. Dust particles with two different diameters
have been studied. The final steady state solution is achieved after three injection
steps of the dust particles. At every injection phase dust particles of only one
size are let in and the simulation is continued until the steady state solution is
achieved. Results show that the differently sized dust particles form crystals at
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different positions. These dust clouds have an influence on each other by means
of positive space charge layers created due to the argon ions which can not match
the steep dust crystal boundaries. The screened Coulomb interaction between the
two differently sized dust species is neglected. The electric potential, ion density,
electron density and electron energy show significant changes after each injection
phase, even at an amount of dust that is small compared to that studied during the
microgravity experiments.
Experiments done under microgravity have shown that traces of molecular
gases, like oxygen influence the size of the void. These molecular gases produce
negative ions via (dissociative) attachment. A considerable amount of negative
ions changes the plasma properties, especially the potential distribution, and there-
fore the forces acting on a dust particle. We have investigated these phenomena
by means of a two-dimensional fluid model. In this model we have included the
possibility that negative ions are formed. By changing the attachment rate, we can
control the electronegativity of the gas. As in electropositive discharges the re-
sulting thermophoretic force, however, can be neglected at low powers compared
to the other forces. Results from the fluid model show that indeed the presence
of negative ions influences the evolution of the void and its final size when the
applied voltage is varied.
A natural extension for the silane model would be to include a growth model
for the dust and taking the deposition of small dust grains into account. At high
power inputs, the chemistry on the dust particle surface should also be accounted
for, this may explain the high deposition rates seen in experiments which could
not be explained by our model. In the case of the two-dimensional dusty fluid
models comparison with kinetic models could result in an improved treatment
of the charging of dust. Kinetic modelling of dust particles in a discharge on
a microscopic level could also give more information about the Debye spheres
surrounding the dust particles. This is important for the calculation of the ion
drag force and of course the equation of state for the dust crystal.

Samenvatting
Tegenwoordig worden plasma’s gebruikt voor verschillende applicaties, zoals de
fabricage van silicium zonnecellen, geı¨ntegreerde schakelingen, coatings en gebits-
verzorging. In het geval van een plasma voor bijvoorbeeld de fabricage van amorf-
silicium zonnecellen, wordt een mengsel van silaan en waterstof gas geı¨njecteerd
in een reactor. Deze gassen worden ontleed door het maken van een plasma.
Een plasma met een lage ionisatiegraad (typische waarde 10−5) wordt meestal
gemaakt in een reactor met twee electrodes die bekrachtigd worden door een ra-
diofrequente (RF) spanningsbron in het megahertz bereik. Onder de juiste om-
standigheden kunnen de radicalen, neutralen en ionen verder reageren tot deelt-
jes met een grootte van enkele nanometers. Deze deeltjes kunnen zich aan het
substraat hechten en bijdragen aan een hogere depositiesnelheid. Een andere mo-
gelijkheid is dat de deeltjes met een grootte van enkele nanometers gaan samen-
klonteren en deeltjes gaan vormen met een grootte van enkele micrometers. Deze
deeltjes krijgen een grote negatieve lading door hun grote straal en worden meestal
gevangen gehouden in het radiofrequente plasma. Het aanwezige elektrische veld
in de grenslagen zorgt voor het isolement. Zulke plasma’s worden stoffige of com-
plexe plasma’s genoemd. In dit proefschrift worden numerieke modellen gepre-
senteerd voor het beschrijven van stoffige plasma’s in reactieve en niet-reactieve
plasma’s.
We zijn eerst begonnen met de ontwikkeling van een eenvoudig een-dimen-
sionaal vloeistofmodel waarmee een stoffige radiofrequente silaan/waterstof ont-
lading gesimuleerd wordt. In het model worden plasma grootheden als fluxen,
dichtheden en elektrisch veld zelf-consistent uitgerekend. Een straal en een ini-
tieel dichtheidsprofiel voor de bolvormige deeltjes worden opgegeven, de lading
en dichtheid van het stof worden dan met een iteratieve methode berekend. Gedu-
rende het transport van het stof, wordt zijn lading constant gehouden. Het stof
heeft invloed op het elektrische veld en de plasmadichtheid door zijn lading en
door recombinatie van positieve ionen en elektronen op zijn oppervlak. Dit pro-
ces geeft in het model een extra productie van silaan radicalen omdat er geen
groeimodel voor het stof is ingebracht. De resultaten hebben betrekking op si-
tuaties waar het stof het plasma aanzienlijk verandert, door een sterke verminder-
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ing van de elektronendichtheid en door het beı¨nvloeden van het elektrische veld
middels zijn lading. Simulaties van stof met een straal van 2 micrometer laten
zien dat de stationaire oplossing van de stofdichtheid en het gemiddeld elektrisch
veld afhangt van het totaal aantal aanwezige stofdeeltjes. De aanwezigheid van
stof verhoogt de depositiesnelheid van amorf-silicium op de elektroden doordat
de gemiddelde elektronen energie toeneemt wat op zijn beurt veroorzaakt wordt
door vermindering van de elektronendichtheid en constante vermogen toevoer.
Deze verhoging van de depositiesnelheid is ook door anderen geobserveerd in
hun experimenten.
Om het gedrag van stof te bestuderen in een minder ingewikkelde omgeving,
zijn er in een aantal onderzoeksgroepen experimenten in niet-reaktieve plasma’s
uitgevoerd. In deze experimenten worden stofdeeltjes in een argon plasma via
de elektroden geı¨njecteerd. Deze experimenten laten een scala aan interessante
verschijnselen zien. Stofdeeltjes beginnen elkaar te voelen in de ontlading en vor-
men dan twee-dimensionale Couloumb clusters. Deze experimenten laten vaak
een stofvrij gebied zien, omgeven door een zone met stof. Ook zijn er soort-
gelijke experimenten uitgevoerd onder gewichtloosheid. In deze experimenten
zijn er drie-dimensionele Couloumb clusters van stofdeeltjes waargenomen met
wederom de verschijning van een stofvrij binnengebied. Ook zijn er roterende
stofwolken (wervels) waargenomen dichtbij de randen van de elektroden, deze
blijven roteren zolang het plasma in stand wordt gehouden.
Om het gedrag van stofdeeltjes te begrijpen, hebben we een twee-dimensionaal
vloeistofmodel ontwikkeld voor een stoffige argon plasma waarin de plasma-en
stofgrootheden zelf-consistent worden opgelost. Simulaties voor stof met een
straal van 7.5 micrometer laten zien dat een dubbele grenslaag wordt gecree¨erd
rond de scherpe rand van het stofkristal. De interactie tussen de deeltjes wordt
door een toestandsvergelijking voor het stof berekend. De centrale stofvrije zone
wordt door toedoen van de postieve ionen veroorzaakt, deze slepen het stof naar
buiten. De bijdrage van de thermoforetische kracht die wordt gedreven door
een temperatuur gradie¨nt veroorzaakt door het verwarmen van het gas door ion-
neutraal botsingen en verwarming van het materiaal waar het stof van gemaakt is
door recombinatie van ionen en elektronen, kan worden verwaarloosd in het quasi-
neutrale centrale gedeelte van het plasma. In het stofvrije binnengebied wordt een
sterke verhoging van de productie van argon metastabielen waargenomen. Dit
verschijnsel is in overeenstemming met experimentele observaties, waar een ver-
hoogde lichtemissie uit dit gebied wordt waargenomen.
Het stof-argon vloeistofmodel is uitgebreid met een module waarmee het ge-
drag van stofwervels bestudeerd kunnen worden. Simulaties laten zien dat de
totale niet-conservatieve kracht veroorzaakt door de ontlading en werkend op de
stofdeeltjes, verantwoordelijk is voor het ontstaan van wervels. De bijdrage van
de thermoforetische kracht speelt wederom geen rol. De krachten die gerelateerd
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zijn aan het elektrische veld, waaronder de kracht uitgeoefend door de ionen zijn
dominant.
We hebben het bovengenoemde stof-argon vloeistofmodel uitgebreid tot een
model dat meerdere verschillende stofdeeltjes kan volgen. Stofdeeltjes met twee
verschillende diameters zijn bestudeerd. De uiteindelijke oplossing wordt bereikt
na drie injectiestappen van het stof. Gedurende elke injectiefase wordt er stof met
e´e´n grootte geı¨jecteerd, de simulaties wordt dan vervolgd tot er een stationaire
oplossing bereikt is. Resultaten met stof van grootte laten zien dat deze kristallen
vormen op verschillende posities. Deze stofwolken beı¨nvloeden elkaar doormid-
del van positieve grenslagen die ontstaan omdat de argonionen de steile stofkristal
randen niet kunnen volgen. De gescreende Couloumb interactie tussen de ver-
schillende stofdeeltjes groottes is verwaarloosd. De elektrische potentiaal, io-
nendichtheid, elektronendichtheid en elektronen energie veranderen significant na
elke injectiefase, zelfs al is de totale hoeveelheid aan stof dat wordt gesimuleerd
veel minder dan het stof aanwezig in experimenten onder gewichtloosheid.
Experimenten verricht onder gewichtloosheid hebben laten zien dat fracties
van moleculaire gassen zoals zuurstof invloed hebben op de grootte van het stof-
vrije binnengebied. Deze moleculaire gassen produceren negatieve ionen via (dis-
socatieve) attachment. Een behoorlijke hoeveelheid aan negatieve ionen verandert
de plasma eigenschappen, in het bijzonder het elektrische potentiaal profiel, en
daardoor de krachten werkend op een stofdeeltje. We hebben deze verschijnselen
onderzocht met een twee-dimensionaal vloeistofmodel. In dit model hebben we
rekening gehouden met de mogelijke vorming van negatieve ionen. Door de at-
tachment snelheid te veranderen controleren we de elektronegativiteit van het gas.
Zoals in elektropositieve ontladingen kan de thermoforetische kracht worden ver-
waarloosd bij lage vermogens ten opzichte van andere krachten. Resultaten van
het vloeistofmodel laten zien dat de aanwezigheid van negatieve ionen de on-
twikkeling van het stofvrije binnengebied en zijn uiteindelijke grootte beı¨nvloedt.
Een vanzelfsprekende uitbreiding van het silaan model zou een groeimodel
omvatten voor het stof en zou de depositie van kleine stofdeeltjes in beschouwing
moeten nemen. Bij hoge vermogens, moet rekening gehouden worden met de
chemie op de grote oppervlakte van het stof, dit kan verklaren waarom de hoge
depositiesnelheden in de experimenten niet verklaard kunnen worden met ons
model. In het geval van de twee-dimensionale stof vloeistofmodellen kan verge-
lijking met kinetische modellen resulteren in een verbeterde omschrijving voor de
oplading van het stof. kinetische modelleren van stofdeeltjes in een ontlading op
microscopische niveau zou ook meer informatie geven over de Debye bollen ron-
dom de stofdeeltjes. Dit is belangrijk voor de berekening van de kracht uitgeoe-
fend door de ionen en natuurlijk voor de toestandsvergelijking van een stofkristal.
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